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1 Summary 
The capacity of the adult mammalian brain to compensate for neuronal loss is very limited. 
As a result, acute and chronic neurological diseases almost always cause irreversible 
damage and impairment of brain function. Emerging therapeutical strategies aim at restoring 
damaged circuits by substituting lost cells with new neurons or progenitor cells from 
endogenous or exogenous sources. While new neurons have been shown to survive and 
send out efferent projections in the adult host brain following transplantation, it is not known 
whether new neurons in fact receive and integrate the appropriate afferent inputs in order to 
perform a meaningful function within the damaged target circuit. The correct and precise 
spatio-temporal integration of thousands of presynaptic inputs from a multitude of cortical 
and sub-cortical areas is, however, the primary function of excitatory projection neurons in 
the neocortex during tasks like sensory integration or cognitive processes. Furthermore, no 
data are available on the development and the integration process of individual new neurons 
over time, and neither their dendritic arbour morphogenesis, nor the acquisition of function 
as a result of their progressive integration into the network has been described to date. It is 
therefore of particular interest to investigate, whether i) adult neocortical circuits retain the 
capacity to replace lost excitatory neurons with induced or introduced new neurons and 
ii) new neurons are capable of substituting lost cells by adopting comparable structural and 
functional properties within the context of their target network. 
In this thesis I investigated the progressive structural and functional integration of individual 
new neurons following the targeted ablation of upper layer projection neurons in the primary 
visual cortex (V1) of adult mice. In a first step, I established the spatially confined photolytic 
ablation of specifically targeted layer 2/3 (L2/3) projection neurons in the binocular zone of 
V1. The photolytic lesion is characterized by its non-invasive nature, a local, minor and 
transient astroglial response and the progressive apoptotic cell death of targeted neurons 
over the course of 7 days. 
In order to substitute lost L2/3 neurons, I transplanted dissociated embryonic cells labelled 
with genetically encoded calcium indicators and/ or fluorescent proteins into the lesioned 
area. Using chronic in vivo two-photon imaging through an implanted glass window I 
followed the morphogenesis, synaptogenesis and functional development of individual 
transplanted neurons up to 11 months post transplantation (pt). The majority of grafted 
neurons developed stable layer 2/3 pyramidal cell-like dendritic arbors within 4 weeks. 
Axonal bouton development preceded dendritic spine formation and both reached stable 
densities at 4 weeks pt. Elevated turnover rates up to 9 weeks pt however, indicated ongoing 
refinement of reciprocal synaptic contacts with the host network. 
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Visual stimulation with moving gratings elicited stimulus-evoked responses and revealed a 
limited degree of orientation and/ or direction selectivity as early as 5 weeks pt. Grafted 
neurons subsequently developed selective, stable and persistent tuning properties, 
indistinguishable from adult L2/3 projection neurons in V1, and this functional maturation 
correlated well with the refinement of their synaptic connections. New neurons also received 
stimulus-driven, tuned input onto their dendritic spines, indicating successful integration into 
host visual processing circuits. Once assimilated into the host network, new neurons 
remained an integral part of the target circuit for up to 11 months, and thus likely persist for 
the rest of the animal’s life. 
It has been reported that apoptosis of deep layer cortical neurons in the mouse forebrain is 
capable of stimulating the endogenous production of new neurons. In the second part of this 
thesis I therefore investigated whether photolytic lesion of L2/3 projection neurons in adult 
V1 also induces the generation of endogenous new neurons. I used a combination of 
Bromodeoxyuridine (BrdU) labelling, genetic fate mapping of known neuronal and potential 
parenchymal progenitors expressing fluorescent proteins, as well as chronic in vivo two-
photon imaging, in order to detect induced new neurons, identify their cellular origin and 
assess their potential for circuit repair. Despite the successful identification of migrating 
and/ or proliferating cells within large cortical volumes across time-points, neither neuronal 
nor resting parenchymal progenitors of the astrocytic lineage gave rise to new neurons 
following photolytic lesion. Furthermore, a small number of observed lesion-specific BrdU 
positive new neurons did not overlap with genetically labelled cells in two prominent mouse 
models of astrocytic and oligodendroglial lineages, respectively. Thus, the puzzling origin of 
photolytically induced endogenous new neurons remains to be elucidated in subsequent 
studies. 
Taken together, I have shown that the adult mammalian brain i) readily assimilates new 
neurons into cortical circuits subjected to injury or disease and ii) new neurons are capable 
of developing area- and cell-type specific structural and functional properties 
indistinguishable from previously lost cells. This proof of principle study offers encouraging 
results for cell replacement therapies and substantiates the feasibility of brain circuit 
restoration. 
 
Introduction	
	
	 9	
2 Introduction 
2.1 CNS Regeneration - Limitations and Strategies for Repair 
The adult mammalian brain is extremely limited in its capacity for self-renewal and 
regeneration. In contrast to non-mammalian vertebrates, neurons lost due to injury or 
disease Gorman 2008 cannot be replaced Kyritsis 2014, Alunni 2016 and as a result, insults to the central 
nervous system (CNS) almost always result in irreversible damage and impairment of brain 
function. Emerging strategies to substitute lost neurons and repair damaged brain circuits 
include the replacement of lost cells with new neurons or progenitor cells from 
endogenous Lindvall 2004, Emsley 2005, Bellenchi 2013, Christie 2013, Bazarek 2014, Sun 2014 (see 2.1.1) or exogenous 
sources Lindvall 2000, Lindvall 2004, Emsley 2005 (see 2.1.2; Fig. 1). While the potential regenerative 
capacity of endogenous progenitors has gained considerable attention throughout the last 
decade Bazarek 2014, the first attempts at brain tissue transplantation date back over a century 
and were conducted in cats Thompson 1890. In 1987, the first humans - patients suffering from 
Parkinson's disease - received striatal transplantations of fetal dopaminergic 
neurons Brundin 1986, Piccini 2000, Barker 2013 and since, multiple clinical trials have been conducted in 
order to assess the safety and efficacy of neuronal grafts in various disease 
conditions Piccini 2005, Bang 2016, ClinicalTrial.gov NCT02028104. However, despite individual reports of 
improvements or alleviated symptoms in some patients that had received striatal grafts, 
treatment outcome has been highly variable, and the procedure has never been approved 
as common medical practice Piccini 2005, Barker 2013. Differences in the source of donor cells and 
their pre-implant processing, the grafting procedure itself and post-graft drug regime may 
account for some of the reported inconsistencies Piccini 2005, Barker 2013. On the other hand, it is 
simply not clear, whether grafted cells in fact participate in the genuine reconstruction of the 
damaged circuits. The observed improvements could also be the result of the 
trophic Chiba 2003, neuroprotective Chiba 2003, Aharonowiz 2008, and/ or immunomodulatory 
effects Krampera 2006, Aharonowiz 2008 of transplanted cells Thompson 2015. 
Endogenous progenitors on the other hand, have received increasing attention since the 
discovery of the two neurogenic niches, the subventricular zone (SVZ) lining the wall of the 
lateral ventricles Lois 1993, Lois 1994, Alvarez-Buylla 2002 and the dentate gyrus (DG) of the hippocampal 
formation Altman 1965, Altman 1969, Kempermann 2004, Ming 2005, Ming 2011, each providing a continuous source 
of new neurons to the adult mammalian brain. Potential routes of treatment under discussion 
involve the application of external factors that modify or instruct the proliferation, migration 
and lineage commitment of endogenous new neurons Christie 2013, according to the 
requirements of the disease condition. Similarly, the targeted instruction or reprogramming of 
potential resting or (re-) activated parenchymal progenitors (see 2.1.1.2) may contribute to 
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the repair of neuronal circuits Götz 2015. Despite their theoretical potential however, the 
therapeutic exploitation of endogenous new neurons is still highly speculative at present. 
Irrespective of their source, in order to truly restore a damaged neuronal circuit new neurons 
need to physically replace and functionally adopt the properties of previously lost cells 
(see 2.2; Fig. 2). Concurrently, adult neuronal circuits have to retain the capacity to integrate 
new cells into the existing neuronal network. Together, both aspects likely involve complex 
and interdependent processes on a cellular level that to date, have not been investigated in 
a suitable model system (see 1.1). 
 
2.1.1 Endogenous Sources of New Neurons for Circuit Repair 
2.1.1.1 Neurogenic Niches in the Adult Brain 
In the adult mammalian brain new neurons are only produced in discreet regions that, in 
reference to other stem cell harbouring regions throughout the body, are termed neurogenic 
niches Schofield 1978, Taupin 2006. Over the last decades, the SVZ lining the wall of the lateral 
ventricles Meisami 1986, Lois 1993, Lois 1994, Alvarez-Buylla 2002 and the sub-granular zone (SGZ) of the DG 
in the hippocampal formation Altman 1965, Altman 1969, Kempermann 2004, Ming 2005, Ming 2011 have been 
studied intensively Ming 2011. Both have been found to provide new neurons throughout the 
adult life of almost all mammalian species investigated so far Barker 2011, including 
humans Eriksson 1998, Curtis 2007, Sanai 2011, Spalding 2013. 
The SGZ gives rise to new granule cells that slowly migrate through the granule cell layer, 
morphologically mature over the course of 7 weeks, eventually extend their dendritic arbour 
into the molecular layer and project their axons through the hilus to the CA3 region of the 
hippocampus Amaral 1989, vanPraag 2002, Kempermann 2004, Zhao 2006. They receive glutamatergic input from 
the entorhinal cortex, neuromodulatory input from the ventral tegmental area, raphe nuclei 
and the septum, as well as GABAergic input from local interneurons Cooper-Kuhn 2004, Vivar 2012, 
Deshpande 2013. Although to date, the physiological function of continued neurogenesis in the 
adult DG has not been completely elucidated, mature granule cells seem to be involved in 
context specific memory encoding and retrieval McHugh 2007, Liu 2012, Basu 2016. For instance, the 
specific optogenetic re-activation of granule neurons that were active during the formation of 
a contextual fear memory is sufficient to induce freezing behaviour in a neutral 
context Liu 2012. In addition, granule neurons are part of the hippocampal tri-synaptic 
pathway Yeckel 1990, Amaral 1998, Ribak 2007, passing on inputs from the entorhinal cortex via CA3 
neurons onto CA1 pyramidal cells. Together with the perforant path Nafstad 1967, Hjorth-Simonsen 1972, 
Doller 1982 and long-range inhibitory inputs from the lateral entorhinal cortex Germroth 1989, Basu 2016 
they comprise a circuit likely awarding saliency to sensory stimuli Basu 2016. Since granule 
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neurons are continuously born and integrated into the hippocampal network, it is speculated 
that they could even play a role in encoding aspects of temporal information with new 
memories Aimone 2006, Aimone 2011. 
Neurons born in the adult SVZ on the other hand, mainly comprise of GABAergic 
interneurons that migrate along the rostral migratory stream Meisami 1986, Lois 1994 (RMS) to the 
olfactory bulb (OB), where they radially disperse and give rise to periglomerular cells (PGCs) 
and granule cells (GCs) in the glomerular and granule cell layer, respectively Petreanu 2002, 
Carleton 2003, Ninkovic 2007, Ming 2011. In humans, newly generated interneurons of the lateral SVZ 
have been found to continuously integrate into the adjacent striatum Ernst 2014. In addition, the 
dorsal SVZ has been shown to give rise to a small number of glutamatergic juxtaglomerular 
neurons Brill 2009, so-called short axon cells Pinching 1972, Aungst 2003. 
Olfactory information reaches the OB via olfactory receptor neurons (ORN) that bind odour 
molecules in the olfactory epithelium of the nasal cavity Buck 1991, Bozza 2009, Cho 2009. ORNs 
synapse onto mitral/ tufted cells, the main OB output, as well as external tufted cells, short 
axon cells and PGCs Mori 1999. PGCs in turn provide feedforward inhibition to mitral/ tufted and 
external tufted cells Aroniadou-Anderjaska 2000, Murphy 2005, Homma 2013, as well as feedback and lateral 
inhibition driven by mitral Murphy 2005 and short axon cells Aungst 2003, respectively. GCs form 
characteristic dendro-dendritic synapses with basal dendrites of mitral cells in the granule 
cell layer Hamilton 2005 and engage in lateral inhibition of neighbouring output cells Yokoi 1995. In 
addition, both, PGCs and GCs receive glutamatergic feedback projections from the olfactory 
cortex, including the accessory olfactory nucleus Matsutani 2008, Markopoulos 2012, Deshpande 2013. 
Together, they function to increase odour selectivity and/ or discrimination by enhancing 
odour evoked signal to noise and spiking variability in strongly activated mitral cells Mori 1999, 
Aungst 2003, Hamilton 2005, Imam 2012, Najac 2015. 
Similar to neurogenesis in the adult DG, the physiological function of continuously generated 
PGCs and GCs is not completely understood. It is generally thought that the availability of 
new neurons provides a certain potential for plasticity to the OB circuit Gheusi 2013, Livneh 2014, 
Sakamoto 2014. For instance, genetic ablation and impairment of synaptic integration of new 
neurons both severely hamper behavioural performance in odour-associated memory 
tasks Sakamoto 2014, while selective activation of new neurons facilitates odour based learning 
and memory Alonso 2012. In addition, olfactory discrimination learning and sensory experience 
increase the survival Petreanu 2002, Rochefort 2002, Yamaguchi 2005, Alonso 2006, synaptic integration Alonso 2006, 
Yoshihara 2015 and long-term odour selectivity Livneh 2014 of new neurons. 
Recently, a third continuous source of new neurons in the adult mammalian brain has been 
described, the ventro-lateral and/ or ventro-basal region of the 3rd ventricle in the 
hypothalamus Markakis 2004, Kokoeva 2005, Lee 2012, Robins 2013, Maggi 2014. Although the exact cellular origin 
of these newly generated neurons is still under debate Lee 2012, Robins 2013, it is becoming 
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increasingly clear that hypothalamic neurogenesis plays an important role in energy 
metabolism and weight control Kokoeva 2005, Lee 2012. Anecdotal evidence also exists for potential 
adult neurogenesis in the piriform cortex, despite conflicting reports Guo 2010, Klempin 2011. 
In general, neurogenic niches share a unique cellular architecture that includes extensive 
vascularization Mercier 2002, Hama 2011, the presence of neural stem cells Doetsch 1999, Laywell 2000, Seri 2001, 
Seki 2007, Lee 2012, Robins 2013, non-neuronal cells including microglia Battista 2006, Mercier 2002 and a 
characteristic extracellular matrix (ECM) composition Fuchs 2004. Adult neural stem cells are of 
astroglial origin and termed radial glia Doetsch 1999, Laywell 2000, Malatesta 2000, Seri 2001, Noctor 2001, 
Kriegstein 2009 (RG). RGs retain many characteristics of embryonic neuroepithelial cells including 
an apical-basal polarity Weigmann 1997, Chenn 1998, their contact with the basal lamina Mercier 2002, 
Haubst 2006 and the expression of individual neuroepithelial markers, e.g. the intermediate 
filament nestin and the transcription factor sex determining region Y-box 2 (SOX2) Cai 2002, 
Lagace 2007. In addition, they exhibit astroglial properties, including the characteristic radial 
morphology, and express astrocyte specific markers, e.g. the intermediate filament 
vimentin Schnitzer 1981, Dupouey 1985, the glutamate-aspartate transporter Rothstein 1994, Hartfuss 2001 
(GLAST) and glial fibrillary acidic protein Levitt 1980, Abd-el-Basset 1988 (GFAP) Götz 2005. Besides self-
renewal, RGs give rise to progenitor cells of an intermediate state that exhibit rapid 
proliferation and expansion of the neurogenic pool, termed transient amplifying or 
intermediate progenitors Doetsch 1997, Steiner 2006, Pontious 2008, Ming 2011. These so-called Type II (DG) 
and C cells (SVZ) give rise to doublecortin (Dcx) positive neuroblasts Couillard-Despres 2005 that 
eventually enter a postmitotic stage, mature and integrate into their respective target circuit. 
Notably, the progression through each developmental stage is characterized by the 
expression of a combination of specific markers Ming 2011. 
Methods employed in order to identify newly generated neurons in the adult brain in vivo 
include the systemic administration of thymidine analogues Bayer 1983, Altman 1965, Eriksson 1998, 
Kee 2002, retroviral labelling vanPraag 2002, Carleton 2003 and inducible genetic targeting 
strategies Feil 1996, Hunter 2005, Hayashi 2002, amongst others. Thymidine analogues such as 3H-
Thymidine Bayer 1983, Lois 1994, Altman 1965, Altman 1969 (3H-T) or Bromodeoxyuridine del Rio 1989, Eriksson 1998, 
Kee 2002 (BrdU) are incorporated during DNA synthesis in the cell cycle S-phase Takeda 2005 and 
thus label cells that undergo proliferation. New neurons are identified post mortem by 
autoradiography (3H-T) and immunohistochemistry (BrdU), respectively. Similar to thymidine 
analogues, some classes of retrovirus can be used to label proliferating neurons, e.g. 
members of the gammaretroviral genus such as the murine leukaemia virus Lewis 1994, 
vanPraag 2002, Matreyek 2013. Retroviruses are required to integrate their viral genome into the host 
cell chromosomes in order to propagate their genetic material Weiss 1984. However, gammaviral 
DNA is only able to integrate once the nuclear envelope is dissolved and host cells progress 
through mitosis Roe 1993, Lewis 1994, Matreyek2013. Retroviral labelling of new neurons with fluorescent 
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proteins, for instance, has successfully been used to study their morphological development 
in both, the DG vanPraag 2002 and SVZ Carleton 2003. Finally, it has become possible to target, label 
or manipulate increasingly selective subpopulations of progenitors and their progeny with 
inducible genetic constructs Feil 1996, Feil 1997, Hunter 2005, Hayashi 2002, Mori 2006, Nakamura 2006. 
Comprehensive knowledge of gene expression profiles of progenitor cells allowed for the 
development of so-called driver lines, in which inducible recombinase systems are under the 
control of progenitor cell- and sub-type specific promotors. The systemic administration of an 
exogenous ligand activates the recombination of a reporter sequence and, dependent on its 
genetic composition, enables, terminates or switches the expression of one or more genes 
of interest Mori 2006, Nakamura 2006, Faiz2015. The prevalent recombinase system employs the cre 
recombinase (cre) fused to the mutated hormone-binding domain of the oestrogen receptor 
(ERT2), which recombines loxP sites of the reporter gene construct upon binding the 
oestrogen analogue tamoxifen (TM) Feil 1996, Feil 1997, Indra 1999, Hayashi 2002. Nestin-creERT2 driver 
lines, for instance, have been used to study the contribution of nestin+ stem cells to the 
generation of new neurons in the adult healthy brain and after injury Lagace 2007, Li 2010, Faiz 2015. 
The discovery of continuous neurogenesis in several discreet regions of the adult 
mammalian brain has raised hopes that these pools of new neurons might be harnessed for 
circuit repair after injury or disease Lindvall 2004, Emsley 2005, Bellenchi 2013, Christie 2013, Sun 2014, Bazarek 2014. 
Ideally, external factors could be employed to stimulate the production of new neurons, 
attract them to respective lesion sites, instruct their differentiation into appropriate neuronal 
cell types and promote their integration into target circuits. Indeed, infusion of various growth 
factors, e.g. epidermal growth factor Craig 1996, Ninomiya 2006, Sun 2010 (EGF), fibroblast growth 
factor 2 Kuhn 1997, Sun 2009 (FGF2) and brain-derived neurotrophic factor Zigova 1998, Im 2010 (BDNF), 
has been shown to increase progenitor proliferation and/ or neurogenesis in the SVZ and 
DG, both in the healthy Craig 1996, Kuhn 1997, Zigova1998 and diseased Ninomiya 2006, Sun 2009, Sun 2010, Im 2010 
brain Christie 2013. In addition, nerve growth factor (NGF) specifically promotes the survival, but 
not the proliferation of new neurons Frielingsdorf 2007, Zhu 2011, while vascular endothelial growth 
factor (VEGF) and insulin-like growth factor (IGF) facilitate the migration of SVZ 
neuroblasts Wittko 2009, Calvo 2011, Hurtado-Chong 2009. 
Endogenous factors have further been implicated in affecting cellular lineage commitment, 
e.g. promoting a gliogenic over a neuronal cell fate Doeppner 2011. Interestingly, increased 
progenitor cell proliferation has also been observed in the SVZ in response to middle 
cerebral artery occlusion Arvidsson 2002 (MCAO) and cortical aspiration lesion Saha 2013, and in the 
DG after traumatic brain injury Dash 2001, Chirumamilla 2002 (TBI). Moreover, vast numbers of SVZ 
derived Dcx+ neurons infiltrate the penumbra of various cortical and striatal lesion 
types Arvidsson 2002, Salman 2004, Li 2010, Saha 2013, Faiz 2015, a process generally regarded as the brains' 
attempt to repair the damaged tissue Sun 2014, Bazarek 2014. It seems however, that areas outside 
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of the neurogenic niches limit neuronal survival and maturation - although the striatum 
seems permissive for the maturation of a small fraction of infiltrated Dcx+ cells Arvidsson 2002, 
Li 2010, the overwhelming majority of progenitors reaching cortical lesion sites differentiate into 
astrocytes and oligodendroglial cells Salman 2004, Buffo 2005, Saha 2013, Faiz 2015. Successful integration 
of endogenous new neurons after injury has only been reported in a few isolated 
studies Magavi 2000, Nakatomi 2002, Chen 2004, Ohira 2009. For instance, after an ischemic lesion the 
pyramidal cell depleted CA1 region of the adult rat hippocampus could in part become 
repopulated with endogenous progenitors activated by the intraventricular infusion of 
EGF/ FGF2. New neurons differentiated into CA1 pyramidal cells and seemed to restore at 
least part of the hippocampal network Nakatomi 2002. Another study showed that the adult 
cortical layer 1 (L1) apparently harbours resting GABAergic progenitors that generate new 
inhibitory neurons in response to ischemia Ohira 2009. Newly generated glutamatergic neurons 
have also been described in deep cortical layers after induced apoptosis of cortico-thalamic 
neurons in layer 6 Magavi 2000 (L6) and cortico-spinal motor neurons in L5 Chen 2004 of adult mice. 
New neurons incorporated BrdU, expressed mature neuronal markers, e.g. neuronal nuclear 
antigen Mullen 1992 (NeuN), and seemed to form sub-type specific projections to target regions 
of lost neurons. However, the cellular origin of these new neurons has not been identified to 
date, despite extensive studies over the last decade Sohur 2012, Diaz 2013. 
 
2.1.1.2 Parenchymal Progenitors - Astroglial and Oligodendroglial Cells 
Besides the neurogenic niches, potential sources of new neurons have also been described 
in the parenchyma of various regions in the adult mammalian brain, including the 
neocortex Palmer 1999, striatum Reynolds 1992, Palmer 1995, substantia nigra Lie 2002 and even the spinal 
cord Ohori 2006, Barnabé-Heider 2010, amongst others Kondo 2000, Götz 2015, Ming 2011, Nishiyama 2009. These 
collectively termed parenchymal progenitors are characterized by their ability to form 
neurospheres Pastrana 2011 out of single cells that can be passaged for multiple rounds in vitro 
and exhibit the potency to differentiate into multiple lineages - thus, displaying the capacity 
for self-renewal and multipotency Reynolds 1992, Palmer 1999, Lie 2002, Sirko 2013, the hallmarks of stem 
cells De Filippis 2012. In vivo, however, parenchymal progenitors remain largely within their 
lineage, indicating that the adult brain restricts the stem cell capacity of potential progenitor 
cells outside of its neurogenic niches Shihabuddin 2000, Götz 2015. Indeed, even neuronal progenitors 
isolated from the SVZ revert to a gliogenic fate when transplanted outside of the niche 
environment Seidenfaden 2006. In contrast, when transplanted into the early postnatal brain, OB, 
hippocampus or striatum - all regions that have been shown to support neurogenesis Lois 1993, 
Lois 1994, Altman 1965, Altman 1969, Ernst 2014 - both, parenchymal and niche derived progenitors are 
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capable of generating a variety of progeny including astrocytes, oligodendrocytes and 
neurons Neumeister 2009, Franklin 1995, Nunes 2003, Aguirre 2004, Windrem 2004, Nishiyama 2009. 
In general, neurospheres isolated from the healthy brain are rare, sustain low passage 
numbers and exhibit limited degrees of multipotency Sirko 2013, Götz 2015. The identity of 
parenchymal progenitors in the healthy brain is not known, but various hypotheses have 
pointed towards dormant progenitors Ohira 2009, astrocytes Götz 2015, NG2 cells Nishiyama 2009 and 
pericytes Nakagomi 2015. In the diseased brain on the other hand, the peri-lesion environment 
undergoes marked changes: Protoplasmic astrocytes become re-activated, up-regulate 
oligodendrocyte transcription factor 2 (Olig2), express intermediate filaments such as glial 
fibrillary acidic protein (GFAP) and vimentin Maxwell 1965, Ridet 1997, Pekny 2005, Zamanian 2012, Liu 2014, and 
start to proliferate Buffo 2005, Chen 2008; slow dividing or quiescent NG2 cells re-enter and/ or 
accelerate their cell cycle Simon 2011; resident microglia get activated Kreutzberg 1996, Kawabori 2015 and 
in concert with infiltrating immune cells Jolivel 2015 secrete cytokines and/ or growth 
factors Giulian 1988, Kokaia 2012. In addition, blood and cerebral spinal fluid (CSF) derived factors 
enter the injury site, e.g. the signalling molecule sonic hedgehog (SHH) Sirko 2013. This altered 
local environment seems to alleviate some of the restrictions the adult brain imposes on its 
resident parenchymal progenitors. As a result, the neurosphere-forming capacity following 
various types of insults, including traumatic brain injury (TBI), ischemia and stab wound 
lesion, is markedly increased Kondo 2000, Belachew 2003, Buffo 2008, Sirko 2013, Faiz 2015. 
Genetic fate mapping studies have identified reactive astrocytes Buffo 2008, Sirko 2013, Faiz 2015, 
Götz 2015 and, to a lesser extent, NG2+ oligodendrocyte progenitor cells (OPC) Kondo 2000, 
Belachew 2003, Ligon 2006, Nishiyama 2009, as the main cellular sources of potential parenchymal 
progenitors. Reactive astrocytes isolated from GLAST-creERT2 mouse lines, for instance, 
have been shown to exhibit enhanced capacity for self-renewal and multipotency after stab 
wound lesions and cerebral ischemia, respectively Buffo 2008, Sirko 2013. Moreover, mimicking the 
lesion induced local enhancement of SHH infiltration in vitro was sufficient to induce 
neurosphere formation also in mature, non-reactive astrocytes Sirko 2013. Further, reactive 
astrocytes could be directly converted into neurons in vivo, following the forced expression of 
the pro-neuronal transcription factor (TF) achaete-scute homolog 1 (Ascl1) in the stroke 
lesioned cortex Faiz 2015, and the neuroepithelial TF Sox2 in the striatum Niu 2013, respectively. 
Also, inhibiting Olig2 function instructs a neuronal fate in reactive astrocytes in vivo after stab 
wound lesion Buffo 2005. 
While a basic consensus for the role of reactive astrocytes has become apparent over recent 
years, the contribution and capacity of NG2 cells is still heavily debated Richardson 2011, 
Nishiyama 2014, Götz 2015. Under normal physiological conditions, NG2 cells follow a prolonged cell 
cycle, proliferate continuously, and, besides self-renewal, give rise to 
oligodendrocytes Simon 2011. During development NG2 cells generate a substantial fraction of 
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astrocytes Zhu 2011, Huang 2014 and it seems they retain this capacity in the adult brain under 
certain conditions Franklin 1995, Windrem 2004, Zhao 2009. For instance, OPC transplantation into areas 
of hypomyelination has been shown to result in the generation of both, remyelinating 
oligodendrocytes and astrocytes Franklin 1995, Windrem 2004. The same bi-potent capacity is 
displayed in response to acute focal and systemic lesions Zhao 2009. In addition isolated NG2 
cells in vitro can be reverted to a state of multipotency Kondo 2000, Belachew 2003 and NG2 cells 
have recently been shown to give rise to new neurons in vivo, following the ectopic 
expression of Sox2 after a cortical stab wound lesion Heinrich 2014. 
Taken together, endogenous new neurons derived from the neurogenic niches, as well as 
potential progenitors dispersed in the brain parenchyma, could serve as future targets for 
cellular replacement therapies (Fig. 1). Continuously generated new neurons in neurogenic 
niches will require appropriate cues for long-range attraction and migration, while 
parenchymal progenitors already reside in the vicinity of lesioned areas, but require 
instructive signals to adopt a neurogenic fate. Both subsequently depend on local factors to 
promote the maturation and integration into damaged circuits. 
 
	
Fig.	1.	Potential	sources	of	new	neurons	for	circuit	repair.	Left,	Endogenous	sources	of	new	neurons	include	
known	 neurogenic	 niches	 in	 the	 adult	 brain,	 the	 dentate	 gyrus	 of	 the	 hippocampal	 formation,	 the	
subependymal	zone	lining	the	lateral	ventricles	and	the	medial	hypothalamic	eminence	(modified	from	Lee	et	
al.,	 2012).	 Potential	 resting	 or	 (re-)	 activated	 parenchymal	 progenitors	 include	 cells	 of	 the	 astroglial	 and	
oligodendroglial	 lineage	 (modified	 from	 Leavitt	 et	 al.,	 1999	 and	 Heinrich	 et	 al.,	 2014,	 respectively).	 Right,	
Exogenous	sources	of	new	neurons	suitable	for	transplantation	 include	embryonic	stem	cells	(ESCs),	 induced	
pluripotent	stem	cells	(iPSCs),	adult	neuronal	stem	cells	and	embryonic	neuroblasts	(modified	from	Gorski	et	
al.,	2002). 
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2.1.2 Exogenous Sources of New Neurons for Repair 
Compared to endogenous sources, the exogenous supply of new neurons offers both, the 
advantage of the direct, targeted delivery to affected brain areas Cetin 2006 e.g. via 
transplantation, as well as the possibility to instruct the required neuronal fate in advance in 
vitro Kriks 2011, Espuny-Camacho 2013. An apparent disadvantage constitutes the invasive nature of 
any cell transplantation and, as a consequence, the concurrent immune reaction Marion 1990, 
Okura 1997. Consequently, dependent on the source of donor cells, recipients might require 
extensive post transplant immunosuppressive drug regimes in order to avoid graft 
rejection Marion 1990, Okura 1997, Piccini 2005, Rosser 2012, Barker 2013. In the early 1980ies, several successful 
studies reported the alleviation of motor deficits following the transplantation of rat Perlow 1979, 
mouse Björklund 1982 and human Brundin 1986 fetal dopaminergic neurons into the striatum of a rat 
model of Parkinson's disease (PD), respectively, paving the way for subsequent clinical 
trials. 
In 1987, the first PD patients received striatal grafts of fetal ventral mesencephalic 
dopaminergic neurons Piccini 2000, Barker 2013. Since, a multitude of clinical trials has been 
conducted using various sources of donor cells, including blastocyst derived embryonic stem 
cells Vawda 2012, fetal neuronal progenitors Rosser 2012, mesenchymal stem cells Barker 2013, Bang 2016, 
autologous bone marrow mononuclear cells Bang 2016, ClinicalTrial.gov NCT02028104 and even Schwann 
cells and oligodendrocytes Vawda 2012, in order to assess the safety and efficacy of cellular 
therapy in various CNS disease conditions, including Huntington's disease (HD) Rosser 2012, 
spinal cord injury (SCI) Vawda 2012, stroke Bang 2016 and traumatic brain injury (TBI) 
ClinicalTrial.gov NCT02028104. Despite these extensive efforts, the procedure has to date not been 
approved as common medical practice for any disease condition Piccini 2005, Rosser 2012, Vawda 2012, 
Barker 2013, Bang 2016. In general, treatment outcome has been either inconsistent between 
studies, highly variable between patients, or both Rosser 2012, Vawda 2012, Barker 2013, Bang 2016. In 
addition various studies reported side effects, e.g. the development of allodynia after SCI 
grafts Hofstetter 2005 and dyskinesia in a substantial fraction of PD patients that had received 
fetal nigral transplants Olanow 2003, respectively. For other conditions the available data is 
simply not extensive enough to assess potential risks and benefits Vawda 2012, Lemmens 2013, 
Bang 2016. However, some alleviation of symptoms and individual reports of functional 
improvements have been observed in PD patients that had received striatal grafts Piccini 2005, 
Barker 2013, and in HD patients after fetal neuronal grafts Bachoud-Lévi 2000, Bachoud-Lévi 2009, Rosser 2012. 
Taken together, it is still not clear, whether donor cells actively take part in the genuine 
reconstruction of damaged circuits after transplantation. Also, donor neurons derived from 
fetal brains have been shown to exert trophic Chiba 2003, neuroprotective Chiba 2003, Aharonowiz 2008, 
and/ or immunomodulatory effects Krampera 2006, Aharonowiz 2008 on the host tissue. The impact of 
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these collectively termed by-stander effects varies extensively dependent on host status, 
e.g. genetic background, general health and age, and could explain both, individual reports 
of positive treatment outcome, as well as the observed high degree of variability between 
patients Thompson 2015. 
While cell therapy in PD and HD is aimed at replacing relatively homogenous neuronal 
populations in comparatively simple, mainly local striatal circuits Vonsattel 1985, Blandini 2000, the 
repair of acute injuries that often affect the cerebral cortex, e.g. TBI Gao 2011 and 
stroke Graham 2002, involve the replacement of multiple neuronal cell types and the 
reconstruction of complex brain-wide circuits. The substitution of cortical pyramidal neurons 
seems especially challenging, since their primary function - the correct spatio-temporal 
integration of thousands of presynaptic inputs - requires both, extensive and precise wiring 
with a multitude of cortical and sub-cortical areas Yoshimura 2005, Spruston 2008, Brown 2009. Pre-clinical 
studies in animal models aim at elucidating the extent to which complex circuits in the 
cerebral cortex can be restored, which types of donor cells yield the most promising results 
and to what degree functional deficits can be reverted. 
 
2.1.2.1 Reconstruction of Cortical Circuits in Animal Models of Injury and Disease 
Attempts at cortical circuit reconstruction in animal models of injury and disease have 
employed whole tissue grafts Soares 1991, Girman 1994, Gaillard 1998, Gaillard 2007, dissociated embryonic 
neurons Hernit-Grant 1996, Shin 2000, Fricker-Gates 2002, Southwell 2010, Tang 2014, Davis 2015 and embryonic, as well 
as induced pluripotent stem cell (ESC; iPSC) derived pyramidal neurons Ideguchi 2010, Espuny-
Camacho 2013, Michelsen 2015, amongst others (Fig. 1). In contrast to slowly progressing 
neurodegenerative diseases such as PD and HD, acute cortical injuries exhibit a limited time 
window for intervention Soares 1991, Lemmens 2013. Cortical embryonic tissue grafts, for instance, fail 
to develop host-graft interactions in a rat model of TBI, if transplantation does not occur 
within 2 weeks after injury Soares 1991. Despite a positive effect on glial scar development and 
extensive reciprocal host-graft innervation however, no improvements of motor deficits could 
be detected Soares 1991. Indeed, grafted neurons exhibit a surprising capacity to re-innervate 
appropriate target regions Gaillard 2007, Espuny-Camacho 2013, Michelsen 2015 in an area and layer specific 
manner Hernit-Grant 1996, Shin 2000, Fricker-Gates 2002, Ideguchi 2010. For instance, in vitro differentiated, 
murine ESC derived pyramidal neurons of deep layer identity correctly projected to the 
dorsal and ventral superior colliculus after transplantation into the neonatal mouse primary 
visual (V1) and somatosensory cortex (S1), respectively. Grafting of the same neurons into 
the motor cortex (M1) by contrast, did not result in fibres entering the superior colliculus, but 
in prominent projections into the descending spinal tract Ideguchi 2010. Further, successful axon 
outgrowth and correct target projections seem to be dependent on matching graft and host 
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area identity Ideguchi 2010, Michelsen 2015. Area identity of projection neurons is defined during early 
embryonic development when secreted morphogens and signalling molecules induce the 
graded expression of area specific TFs, dependent on the relative position of each neuron in 
the cortical primordium Grove 2003, Greig 2013. Accordingly, embryonic motor cortex derived 
neurons fail to generate appropriate target projections after transplantation into the ibotenic 
acid lesioned V1, and vice versa, despite robust graft survival Michelsen 2015. 
To date, host-derived afferents to grafted neurons have been investigated only 
occasionally Girma 1994, Gaillard 1998, Michelsen 2015. Early studies have shown that individual thalamic 
projections originating in the lateral geniculate nucleus (LGN) are able to regrow and re-
innervate fetal cortical tissue grafts transplanted into the aspiration-lesioned V1 of adult 
rats Girman 1994, Gaillard 1998. Retrograde tracer injections into whole V1 tissue grafts further 
revealed some correct afferent projections from neighbouring cortical areas. However, 
cortical afferents exclusively originated in deep layers, mainly layer 6 (L6) Gaillard 1998, and the 
density of afferent fibre innervation of two prominent input areas, the LGN and contralateral 
V1, has been shown to be markedly reduced compared to intact neighbouring 
tissue Michelsen 2015. Thus, in contrast to the successful innervation of appropriate target areas, 
the formation of afferent connections is impaired and incomplete. 
Recent studies have progressed from whole tissue grafts to dissociated embryonic 
neurons Hernit-Grant 1996, Shin 2000, Fricker-Gates 2002, Southwell 2010, Tang 2014, Davis 2015 and in vitro differentiated 
ESC/ iPSC derived pyramidal cells Ideguchi 2010, Espuny-Camacho 2013, Michelsen 2015. Upon 
transplantation, these donor neurons have lost their original morphology and all previous 
synaptic connections. They are subsequently required to re-develop morphologically and re-
establish all afferent and efferent connections within the host cortical network, before they 
are able to adopt a meaningful function within the target circuit. While the morphogenesis of 
grafted neurons has not been described to date, it has been shown that individual 
transplanted ESC/ iPSC derived cells are able to acquire a pyramidal cell-like 
morphology Ideguchi 2010, Espuny-Camacho 2013, form synaptic connections Espuny-Camacho 2013, Michelsen 2015 
and exhibit some passive electrophysiological properties reminiscent of excitatory 
neurons Espuny-Camacho 2013, Michelsen 2015. 
However, data on the in vivo physiology of transplanted excitatory neurons in the cortex is 
extremely limited. The current knowledge is comprised of extracellular field potential 
recordings in whole tissue grafts, as well as basic extracellular recordings in ESC derived 
neurons, transplanted into the lesioned adult V1, respectively Gaillard 1998, Michelsen 2015. Both 
studies report simple responses to light flashes, but otherwise did not characterise the 
physiological properties and functional network integration of grafted neurons Gaillard 1998, 
Michelsen 2015. Thus, previously reported LGN projections to grafted neurons Girman 1994, Gaillard 1998, 
albeit limited Michelsen 2015, seem to be able to convey some basic visual information.  
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Taken together, efferent axonal projections of transplanted neurons exhibit a surprising 
capacity and accuracy to re-innervate correct target areas. However, given the insufficient 
information on afferent connectivity and functional integration of pre-synaptic signals, it is still 
an open question, whether transplanted neurons are capable of receiving and processing 
multi-area inputs within the host circuitry and eventually, are able to substitute lost neurons. 
 
2.2 The Primary Visual Cortex As a Model to Study Circuit Repair 
A prerequisite for the study of the functional integration of new neurons is the possibility to 
assess the degree to which any adopted function is appropriate for the target circuit. 
Behaviour is orchestrated by the activity of ensembles of hundreds of neurons across many 
brain areas, and thus it is difficult to delineate the contribution of an individual cell to the 
behavioural output. Likewise, it is close to impossible to judge the adequacy of a neuron's 
function based on the isolated activity pattern of that individual cell. In primary sensory 
cortical areas however, individual neurons represent key features of the respective 
modality's sensory space Dräger 1975, Simons 1979, Rothschild 2010. In V1 for instance, these features 
include receptive field properties such as location in visual space, as well as selectivity for 
orientation/ direction and spatio-temporal dynamics of high contrast transitions Hubel 1962, 
Dräger 1975, Niell 2008, Marshel 2011. Therefore, the exposure to a visual stimulus of defined properties 
will elicit a characteristic functional response profile in individual successfully integrated new 
neurons, allowing the assessment of their functional integration at the single cell level. 
 
2.2.1 The Mouse Visual System 
Despite poor acuity and low resolution Prusky 2004, mice rely on vision for innate defence and 
protective behaviour Liang 2015 and can be trained to depend on vision in a variety of 
behavioural tasks Andermann 2010, Kreile 2012, Pinto 2013, Glickfeld 2013. In short, visual information detected 
by photoreceptors is passed through the retinal circuit onto retinal ganglion cells Dunn 2014 and 
relayed to the LGN via the optic nerve Forrester 1967. At the chiasm, optic nerve fibres from both 
eyes cross, and up to ~20% of retinal ganglion cell axons diverge Rebsam2012 and project to the 
ipsilateral LGN Reese 1988, Godement 1990, Marcus 1995. Visual information reaches the 6-layered 
primary visual cortex via projections from the LGN, which terminate predominantly in layer 4 
(L4), and to a lesser extent in L1, layer 2/3 (L2/3) and 6 Marshel 2011, Piscopo 2013, Constantinople 2013, Cruz-
Martin 2014 (Fig. 2A). 
The V1 intra-cortical circuit follows a largely hierarchical anatomical organization Gilbert 1983, 
Bannister 2005, Xu 2016. As a general rule, L4 glutamatergic spiny stellate cells synapse onto L2/3 
pyramidal neurons Gilbert 1979, Xu 2016, which in turn connect to large pyramids in layer 5 
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(L5) Gilbert 1983, Dantzker 2000, Xu 2016. L5 neurons subsequently project to layer 6 (L6) pyramidal 
cells, but also provide excitatory feedback projections to L2/3 Gilbert 1983, Xu 2016. Besides intra-
cortical feedback to L4, L6 provides excitatory feedback to L5 Kim 2014 and together, L5 and L6 
constitute the main output layers of V1. While L6 pyramidal neurons extensively innervate 
the LGN Tömböl 1975, Olsen 2012, Bortone 2014, L5 neurons predominantly project to sub-cortical targets 
such as the superior colliculus Solomon 1993, the lateral posterior nucleus of the 
thalamus Lund 1975, Roth 2016 and the pons Albus 1977, Morishima 2011, as well as to other cortical areas 
e.g. the contralateral V1 Hübener 1988 and higher visual areas Lur 2016. L2/3 pyramidal neurons on 
the other hand, engage in cortico-cortical connections to higher visual, other sensory and 
association areas Gilbert 1975, Olavarria 1982, Olavarria 1989, Wang 2012, Charbonneau 2012, which in turn provide 
feedback projections to the apical dendritic tufts of V1 pyramidal cells in L1 Larkum 2013. 
Within the binocular zone at the lateral V1 border Dräger 1975, Dräger 1978, L2/3 neurons also 
exhibit extensive projections to homotopic locations in the contralateral hemisphere Cusick 1981, 
Miller 1984, Rhoades 1984, Olavarria 1984, Hübener 1988. These interhemispheric cortico-cortical connections, 
together with input from both eyes via the LGN, render 70 to 90% of neurons in this area 
binocularly responsive Diao 1983, Dräger 1978, Lepore 1992, Pietrasanta 2012, Dehmel 2014. The main part of V1 
however, the monocular area, receives predominant input from the contralateral eye 
only Dräger 1975, Dräger 1978. Importantly, V1 exhibits a topographic representation of visual space, 
the retinotopic map. In short, a certain location in visual space is represented at a defined 
anatomical position in V1, and the receptive fields (RF) of neighbouring neurons are aligned 
in visual space Dräger 1975, Wagor 1980, Schuett 2002, Garrett 2014. 
The RFs of individual neurons differ in size and structure Hubel 1959, Hubel 1962, Wang 2007a, Niell 2008. 
Neurons at the medial border generally exhibit larger RFs, whereas RF size is smallest in 
posterior-lateral V1 Wang 2007a, representing the central visual field. In addition, based on RF 
structure, neurons are classified into simple and complex cells Hubel 1959, Hubel 1962, Niell 2008. In 
response to light/ dark stimulation, simple cells exhibit distinctive sub-regions with elongated 
alternating ON and OFF fields, whereas the RF of complex cells appears homogenous with 
superimposed ON/ OFF fields. In mouse, increased numbers of simple cells are found in 
L2/3 and L4, while L5 is predominantly comprised of complex cells Niell 2008. Besides RF 
position, size and structure, individual neurons in V1 also exhibit a preference for the 
orientation and/ or direction, as well as the spatio-temporal dynamics of high contrast 
transitions within their RF Hubel 1962, Dräger 1975, Niell 2008, Marshel 2011. 
 
2.2.2 L2/3 Pyramidal Neurons in V1 
L2/3 serves as the first integrative layer for visual information in V1 Hubel 1962, Niell 2008, Cossell 2015. 
Excitatory projection neurons in L2/3 are the main recipients of feedforward excitation 
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generated by L4 in response to sensory stimuli Gilbert 1979, Xu 2016, of excitatory and inhibitory 
intra-cortical feedback Gilbert 1983, Xu 2016, as well as long-range cortico-cortical Olavarria 1984, 
Larkum 2013 and thalamocortical projections Morgenstern 2016. They possess the typical 
morphological characteristics of pyramidal cells Peters 1970, Miller 1981, Miller 1988, Bannister 2005, Spruston 2008. 
In short, a prominent apical dendrite extends towards the pial surface and branches into 
secondary and tertiary processes. Basal dendrites with infrequent branch points emanate 
from the base of a rather large, pyramidal shaped cell body and extend sideways, as well as 
towards L4. Despite this general outline, pyramidal neurons in different layers - and often 
areas as well as species Peters 1970, Kasper 1994, Gao 2004, Elston 2014 - differ considerably Bannister 2005, 
Spruston 2008 (see Fig. 2C). For instance, L2/3 pyramidal cells exhibit shorter apical dendrites 
with simpler distal tufts, but a higher number of oblique processes branching from the main 
apical dendrite compared to L5 neurons Spruston 2008. In addition, the normal morphological 
spectrum of adult mammalian pyramidal cells also includes approximately 5 - 20% of 
neurons with an atypical orientation across all cortical layers, namely an oblique or even 
inverted apical dendrite van der Loos 1965, Miller 1988, Polleux 2000, Mendizabal-Zubiaga 2007. Despite their 
deviation from the classical orientation, atypically oriented pyramidal neurons display normal 
development and maturation Miller 1988, Parnavela 1983, and do not differ in their physiological 
properties. For instance, in V1 they exhibit typical receptive field properties of both, simple 
and complex cells Parnavelas 1983. 
L2/3 pyramidal neurons receive excitatory afferent connections onto dendritic spines, 
specialized membrane protrusions typically harbouring a fully functional postsynaptic 
apparatus, and convey their output via axonal boutons containing the presynaptic 
machinery Miller 1981b, Spruston 2008, Harris 2012 (see Fig. 2D). Thus, dendritic spines and axonal 
boutons are generally regarded as reliable structural correlates of synapses Trachtenberg 2002, 
Spruston 2008, Harris 2012. In the adult, synapses are stable but at the same time, allow for sufficient 
structural plasticity to adapt to a changing environment Trachtenberg 2002, Holtmaat 2009b, compensate 
for altered sensory input Keck 2008, Hofer 2009, Yamahachi 2009, Marik 2010 and adopt new memories Lai 2012, 
Hayashi-Takagi 2015, Li 2017. Accordingly, in V1 dendritic spines and axonal boutons form stable 
synaptic connections, but exhibit marked changes in both, densities and turnover after 
e.g. loss of visual input Keck 2008, Hofer 2009, Yamahachi 2009. Also, this form of structural plasticity is 
area and cell type specific Holtmaat 2009b. 
Although V1 L2/3 pyramidal neurons do not constitute a homogenous population Tasic 2016, 
Luebke 2017, common molecular programs define their area and subtype specific identity during 
development Greig 2013 (Fig. 2B). For instance, activating enhancer binding protein 2γ (AP2γ) 
specifically promotes the formation of L2/3 neurons in the occipital cortex by regulating 
neuronal intermediate progenitor expansion during late corticogenesis Pinto 2009. Also, some of 
the key regulators of excitatory upper layer projection neurons continue to be expressed in 
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the adult. The protein cut like homeobox 1 (Cux1) is not only expressed during neurogenesis 
of L2/3 neurons, but serves as a marker of L2/3 projection neuron identity Nieto 2004, Zimmer 2004, 
including CPNs Molyneaux 2009, in the adult brain. 
 
 
	
Fig.	2.	 The	mouse	 visual	 system	–	 area	 and	 layer	 specific	 features	 of	 excitatory	 projection	neurons	 in	V1.	
(A)	Anatomy	of	the	mouse	visual	system	(modified	from	Levelt	and	Hübener,	2012).	Visual	information	sensed	
by	 the	 retina	 is	 relayed	 via	 the	 lateral	 geniculate	 nucleus	 to	 the	 primary	 visual	 cortex	 (V1).	 (B)	 Spatio-
temporally	 orchestrated	 molecular	 programs	 define	 area	 and	 subtype	 specific	 neuronal	 identity	 during	
development	 (modified	 from	 Greig	 et	 al.,	 2013).	 (C)	 Subtypes	 of	 cortical	 excitatory	 neurons	 display	 layer	
specific	 morphology	 (modified	 from	 Bannister	 et	 al.,	 2005).	 (D)	 Axonal	 boutons	 (top)	 and	 dendritic	 spines	
(bottom)	 harbour	 pre-	 and	 post-synaptic	 machineries,	 respectively	 (modified	 from	 Kristin	 M.	 Harris,	
SynapseWeb	http://synapseweb.clm.utexas.edu).	 (E)	 Excitatory	 projection	 neurons	 in	 V1	 exhibit	 a	 distinct	
preference	 for	 the	 orientation	 and/	 or	 direction	 of	 high	 contrast	 transitions,	 e.g.	 bars	 moving	 in	 different	
directions.	The	polar-plot	on	the	left	shows	a	neuron’s	response	(hatched	region)	to	different	orientations	and	
directions	of	a	moving	bar	(modified	from	Dräger	et	al.,	1975).	
	
As outlined above, individual neurons in V1 encode for key receptive field properties such as 
position in the visual field, RF size and structure, orientation and/ or direction selectivity, as 
well as spatio-temporal frequency Hubel 1962, Dräger 1975, Wagor 1980, Schuett 2002, Wang 2007a, Niell 2008, 
Marshel 2011, Garrett 2014. L2/3 neurons are sharply tuned and generally exhibit a strong preference 
for one orientation and/ or direction over others Dräger 1975, Niell 2008, Marschel 2011 (Fig. 2E). While a 
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subset of ganglion cells in the retina already exhibits a strong preference for motion 
direction Barlow 1965, Bos 2016 that is passed on the ascending visual pathway Shi 2017, orientation 
selectivity is thought to arise at the cortical level. 
The mechanism underlying orientation selectivity was first proposed by Hubel and Wiesel 
following recordings in cat visual cortex Hubel 1962. In short, multiple LGN neurons with 
concentric centre-surround RFs that are aligned along one axis in visual space are thought 
to provide convergent input onto individual neurons in V1. However, RF structure of LGN 
neurons differs markedly across species Chapman 1991, Reid 1995, Ferster 1996, Scholl 2013, Van Hooser 2013. In 
mouse, at least some LGN neurons already exhibit an elongated RF and accordingly, a 
week tuning for orientation and/ or direction Scholl 2013. In addition, the dorsal LGN receives 
strong input from direction selective retinal ganglion cells and in turn, conveys direction 
selective input directly onto L2/3 neurons Cruz-Martin 2014, Morgenstern 2016. Thus, in addition to the 
proposed mechanisms of de-novo generation of orientation selectivity within L4 or L2/3 of 
V1 Hubel 1962, Chapman 1991, Reid 1995, Ferster 1996, Scholl 2013, Van Hooser 2013, intra-cortical processing in these 
layers also seems to enhance and refine already tuned LGN input. For instance, selectivity is 
thought to be promoted by shared feed-forward inputs onto preferentially connected L2/3 
neurons Yu 2012, Li 2012, Ko 2013, Morgenstern 2016, and pronounced but unselective lateral inhibition 
decreases overall responsiveness to weak inputs Niell 2008, Kerlin 2010, Hofer 2011, Li 2015. Anatomically, 
L2/3 neurons with similar orientation and/ or direction preference are randomly distributed 
across mouse V1 Ohki 2005, Espinosa 2012 and, on a population level, the tuning preference 
distributes characteristically across stimulus space Dräger 1975, while the average selectivity 
differs from other layers and areas Niell 2008, Marshel 2011. 
Taken together, in many aspects V1 L2/3 pyramidal neurons constitute a homogenous 
population with distinct structural and functional properties that are experimentally accessible 
on the level of the individual neuron. Key parameters of visual information are represented in 
the response profile of individual L2/3 cells and, at the same time, distribute characteristically 
across the L2/3 population. Thus, L2/3 pyramidal neurons present an ideal target population 
to investigate the appropriate structural and functional integration of new neurons into 
previously damaged brain circuits. 
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2.3 Aim of the Study 
A fundamental question in studying the reconstruction of neural circuits damaged due to 
injury or disease is whether new neurons are in fact capable of appropriately integrating into 
a target circuit. New neurons are not only required to assume the correct area and cell type 
specific identity and morphology, but also have to form synaptic connections with all 
appropriate pre- and post-synaptic areas and eventually, adopt a meaningful function within 
the pre-existing circuit. These aspects are especially critical in the regeneration of cortical 
excitatory projection neurons, given their crucial function in the integration of both, local 
intra- and inter-cortical signals, as well as long-range projections from various input areas 
throughout the brain Yoshimura 2005, Spruston 2008, Brown 2009. Ideally, a fully integrated new neuron 
becomes structurally and functionally indistinguishable from neurons that have previously 
been lost. 
While numerous studies over the last two decades have focused on the survival and axonal 
projection pattern of new cortical pyramidal neurons derived from both, endogenous Buffo 2005, 
Heinrich 2014, Faiz 2015 and exogenous sources Fricker-Gates 2002, Gaillard 2007, Ideguchi 2010, Espuny-Camacho 2013, 
Michelsen 2015 in various physiological and experimental paradigms, host-derived afferent input 
onto new neurons has been investigated only incidentally Girman 1994, Gaillard 1998, Michelsen 2015. 
Moreover, data on the in vivo physiology of newly integrated neurons is extremely scarce 
and limited to two studies employing in vivo extracellular field recordings in whole tissue and 
ESC derived neuronal grafts following extensive cortical aspiration Gaillard 1998, Michelsen 2015. To 
date, it is not known whether individual cortical pyramidal neurons are capable of acquiring a 
comprehensive functional spectrum typical for the injured target network. Finally, no data is 
available on the development and the integration process of individual neurons over time, 
including their morphological development and the process by which new neurons acquire 
function as a result of their progressive integration into the network. Taken together, it is of 
particular interest to study the capacity of new endogenous or exogenous neurons to 
substitute previously lost excitatory projection neurons in adult neocortical circuits on the 
level of individual cells across time. Specifically, delineating the individual morphological 
development, synaptogenesis, as well as the progressive acquisition and maturation of 
functional properties will help to understand, whether i) individual new neurons are capable 
of adopting a meaningful function within their cortical target network and ii) adult neocortical 
circuits retain the capacity to replace lost excitatory projection neurons by assimilating new 
cells into the pre-existing network. 
In this thesis, I investigate the integration of exogenous (transplanted; see 1.1) and 
endogenous (lesion induced; see 5.3) new neurons into V1 of adult mice previously deprived 
of cortical L2/3 projection neurons. Targeted ablation of L2/3 neurons is achieved using a 
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photolytic lesion model Macklis 1991 that is based on the selective laser photoactivation of the 
chromophore chlorine e6 (Ce6), the subsequent production of intracellular reactive oxygen 
species Sheen 1994, Tsay 2007 and the resulting non-invasive, spatially restricted, apoptotic cell 
death of Ce6-labelled neurons Macklis 1991, Madison 1993. In a first step, the model is adapted to 
specifically eliminate L2/3 neurons in the binocular zone of V1 (see 5.1). 
In order to test the capacity of exogenous new neurons to appropriately integrate and 
substitute lost L2/3 neurons (see 1.1), embryonic donor cells labelled with genetically 
encoded calcium indicators (GECIs) Chen 2013, Thestrup 2014 and/ or fluorescent proteins 
(GFP, tdT) Gorski 2002, Nakamura 2006, Madisen 2010 are transplanted into the lesion site. A cranial 
window implant Holtmaat 2009a allows visual access for repeated in vivo two-photon 
imaging Denk 1990, Stosiek 2003, Helmchen 2005, Andermann 2010 of individual identified transplanted neurons. 
The overall morphological development, synaptogenesis and pre- and post-synaptic 
dynamics are investigated starting 3 days post transplantation (dpt), and individual new 
neurons are followed up to 11 months pt. In order to assess whether transplanted cells 
develop key receptive field properties typical for L2/3 projection neurons, host mice are 
repeatedly presented with full field gratings moving in different directions up to 15 weeks pt. 
The responses of new neurons are recorded as changes in GECI fluorescence relative to 
baseline Chen 2013, Thestrup 2014 in somata, axons and dendritic spines. 
Photolytic ablation of deep layer neurons in the juvenile mouse forebrain Magavi 2000 and motor 
cortex Chen 2004 has previously been reported to induce a small number of endogenous new 
neurons, based on the incorporation of the thymidine analogue bromodeoxyuridine (BrdU) 
and the co-labelling with mature neuronal markers Magavi 2000, Chen 2004. In the final part of this 
thesis, I investigate whether photolytic ablation of L2/3 projection neurons also results in the 
generation of endogenous new neurons and whether these induced neurons exhibit the 
potential to substitute lost L2/3 cells (see 5.3). Since the origin of the reported induced new 
neurons has not been identified to date Brill 2009, Sohur 2012, mouse lines expressing GFP in 
neuronal and astroglial Mori 2006, as well as oligodendroglial Simon 2012 progenitor populations, 
respectively, are subjected to photolytic lesion. Combining BrdU treatment with chronic in 
vivo two-photon imaging of a sizable volume of lesioned V1, allows for the identification of 
both, new neurons generated by proliferating resident progenitor cells, as well as any 
progenitor derived neurons migrating into the lesion site. 
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3 Methods 
3.1 Mice and Anaesthesia 
All animal experiments were carried out in compliance with the institutional guidelines of the 
Max Planck Society, the Ludwig-Maximilians-Universität and the local government 
(Regierung von Oberbayern). 
Data for this study is derived from a total of 53 adult mice and 14 donor embryos (male and 
female). Seven C57BL/6J and 2 Thy1.GFP-M mice were used for the characterization of the 
lesion model. 16 adult host mice (female) received grafts from 14 donor embryos (male and 
female). For chronic structural in vivo two-photon imaging of transplanted cells we used 
Emx1-Cre Gorski 2002 x CAG-CAT-GFP (also called CAG-GFP) Nakamura 2006 donor cells and Ai9 
(Rosa-CAG-LSL-tdTomato reporter mice, Jackson laboratory, JAX Stock #007905) Madisen 2010 
host mice (8 donors, 11 hosts). For functional in vivo two-photon imaging of transplanted 
cells we used Emx1-Cre Gorski 2002 x Ai9 donor cells and C57BL/6J host mice (6 donors, 5 
hosts). Twenty-six GLAST-creERT2 Mori 2006 x CAG-GFP and 2 SOX10-cre Simon 2012 x CAG-
GFP mice were used to test the contribution of induced neurogenesis to circuit regeneration 
after apoptotic photolesion. Four GLAST-creERT2 x CAG-GFP mice underwent chronic two-
photon imaging and 12 were subjected to various control treatments (see table Fig. 30A). 
Mice were housed in a 12:12 hour light-dark cycle and were a minimum of 8 and a maximum 
of 14 weeks old at the time they entered the experiment. GLAST-creERT2 x CAG-GFP mice 
received tamoxifen (TM) treatment (see 3.3) one week prior to their first surgery. For 
transplantation experiments, host mice were only subjected to surgeries once a plug was 
confirmed in prospective mothers of donor embryos. Surgeries were performed aseptically 
under anaesthesia with a mixture of fentanyl (0.05 mgkg-1), midazolam (5 mgkg-1) and 
medetomidine (0.5 mgkg-1). After surgery, anaesthesia was terminated with atipamezol (2.5 
mgkg-1), flumazenil (0.5 mgkg-1) and naloxone (1.2 mgkg-1). Carprofen (5 mgkg-1) was 
administered as analgesic. 
 
3.2 Timed-Pregnant Mice 
Prospective mothers of donor embryos were checked for plugs twice a day. The day of plug 
was defined as E0.5, and male mice were then removed from the cage. Typically, pregnancy 
could first be detected between E12.5 and E14.5. 
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3.3 Tamoxifen Treatment 
GLAST-creERT2 x CAG-GFP mice were treated with tamoxifen (TM) in order to induce GFP 
expression. Mice received 3 doses (one every 48 h) of 10 mg TM in corn oil (40 mg/mL) with 
5% ethanol via oral gavaging. In short, a stainless steel re-usable feeding needle (20 gauge, 
smooth ball tip) was placed into the mouth of securely restraint mice. The head was slightly 
extended backward by directing the needle towards the roof of the mouth. The animal was 
allowed to swallow the tip and gravity pulled the needle down the oesophagus. TM was 
administered and the needle was gently removed. Mice were closely monitored for any signs 
of complication. TM treatment was finished 1 week prior to the first surgery. 
 
3.4 Chlorin e6 Nanobeads Preparation 
Chlorin e6 (Ce6) was covalently linked to rhodamine-labelled latex nanobeads Katz 1984 
(RetroBeads) via carbodiimide conjugation, as described previously Madison 1993. In short, 
1.5 ml of pre-cooled Ce6 solution (0.597 mg/ml in 0.01 M phosphate buffer [PB], pH 7.4) was 
mixed with 5 mg 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and incubated at 
4 °C for 30 min. 750 µl of activated Ce6 solution was then added to 12.5 µl of red 
RetroBeads diluted in 100 µl PB. The solution was incubated at room temperature (RT) for 
60 min under slow agitation on a rotating shaker, light shielded. The reaction was stopped by 
adding 335 µl of 0.1 M glycine buffer (pH 8.0), the solution was transferred to an 
ultracentrifuge tube, and an excess of PB was added. Conjugated Ce6 beads were pelleted 
by ultracentrifugation (30 min, 100.000 g, 20 °C) and washed at least 3 times with PB. The 
final pellet was re-suspended in 50 µl PB. Beads were stored in a humid chamber at 4 °C 
and used within one month. 
 
3.5 Laser Ablation of Ce6+ Cells In Vitro 
We tested the specificity of laser ablation of Ce6-labelled cells in vitro. PC-12 cells were 
cultured in RPMI 1640 with GlutaMax, 10% horse serum (HS), 5% fetal bovine serum (FBS) 
and penicillin/ streptomycin (Pen/Strep). At 70 to 80% confluency, cells were subjected to a 
standard trypsinization protocol and plated at a density of 1 million cells/ 6-well (poly-L-lysine 
pre-coated). After successful adherence overnight (o/n), the medium was replaced by culture 
medium containing Ce6 beads (1 µl/ml) and incubated for 24 h. For laser photoactivation, an 
area of approx. 2 mm diameter was marked at the bottom of each well. Cells were washed 
with phosphate-buffered saline (PBS) without Ca2+Mg2+ and laser light (670 nm, Flatbeam 
Laser) was applied to the marked areas (once per well, 2-3 cm distance, 20 s, 17 J/cm2). 
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Control conditions included untreated wells (without Ce6 beads, without laser), wells that 
received only laser illumination (without Ce6 beads) and areas outside the laser illuminated 
zone (with Ce6 beads, without laser). Every condition was run in duplicates. Cells were fixed 
12 h after laser illumination with 4% paraformaldehyde (PFA) and subjected to TUNEL 
staining (see 3.12.3). The assay was repeated with every batch of conjugated beads to 
ensure continuous quality. 
 
3.6 Laser Ablation of Ce6+ Projection Neurons In Vivo 
In order to specifically and locally ablate a fraction of callosal projection neurons (CPNs) in 
layer 2/3 of the primary visual cortex (V1), mice were anaesthetized and contralateral V1 
was exposed via craniotomy (4 mm diameter, centred 2.5 mm lateral of lambda) as 
described in 3.9. Borosilicate glass capillaries were pulled and bevelled to exhibit long 
tapered tips with approximately 15 µm diameter. Ce6 conjugated beads were pressure 
injected (30 pulses within 5 min, 10 psi, 25-50 ms) into the binocular zone of V1 at 5-6 
locations to reach a total volume of 0.5 µl at a depth of 50-500 µm. V1 and the binocular 
zone were identified using the characteristic blood vessel pattern and intrinsic optical 
imaging Schuett 2002, Hofer 2009 (see 3.10). Ce6+ beads were taken up by axon terminals of CPNs 
and retrogradely transported to their cell somata. Five to 10 days after beads injection a 
second craniotomy was performed in order to expose ipsilateral V1 containing labelled 
CPNs. Posterior-lateral V1 was non-invasively subjected to laser-photoactivation of Ce6 with 
a 670 nm flatbeam laser (beam shaping optics for a collimated parallel beam of 2 mm 
diameter, working distance 36.7 mm) to induce apoptotic cell death of CPNs (4, 6 and 
10 min, 3 and 30 mW; 23 J/cm2, 344 J/cm2 and 573 J/cm2). After the craniotomy, the bone 
flap was repositioned, fixed with Histoacryl and the skin was sutured. 
For experiments involving GLAST-creERT2 x CAG-GFP mice, both craniotomies were 
performed at the time of the beads injection, and a cranial glass window (see 3.9.) was 
implanted above the ipsilateral hemisphere. Laser photoactivation was performed through 
the glass window under light anaesthesia. 
 
3.7 Transplantation of Embryonic Cortical Cells into V1 
Embryonic cells for transplantation were fluorescently labelled either genetically in the above 
mentioned mouse lines (see 3.1) or via in vitro viral transduction (see 3.8). Five to seven 
days after laser-photoactivation, embryonic cells were transplanted into the lesion site. To 
ensure that transplantations were located within the binocular zone of V1, we performed 
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intrinsic optical imaging (see 3.10). In a subset of experiments (n=2) host mice received an 
additional grafting site within V1, but outside of the previously illuminated area. 
Embryonic cortical cells were prepared from E18.5 donor embryos using a papain based 
dissociation system Huettner 1986. In short, timed pregnant mice were deeply anaesthetized with 
isoflurane and killed by cervical dislocation. Embryos were removed from the uterine horns 
under sterile conditions and immediately sacrificed. Brains were carefully removed and 
collected in dissociation medium with kynurenic acid and D-AP5 at 4 °C. Cortical 
hemispheres were separated from the rest of the brain with a scalpel blade, transferred to 
pre-warmed papain solution (20 U/ml papain, 0.005% DNase in EBSS with 1 mM L-cysteine 
and 0.5 mM EDTA) and minced to small pieces with long tapered tip glass capillaries. After 
45 to 60 min incubation at 37 °C cortex tissue was mechanically dissociated by trituration 
with flamed, coated Pasteur pipettes. Enzymatic activity was stopped with protease inhibitors 
(3 mg ovomucoid), and dissociated cells were collected by centrifugation over a one-step 
density gradient (10 mg/ml ovomucoid, 10 mg/ml BSA). A cell suspension (50 million 
cells/ml) was prepared in neurobasal medium (NB) supplemented with B27, GlutaMax and 
Pen/Strep. 
Donor cells labelled via in vitro viral transduction (see 3.8) were washed at least 5 times with 
pre-warmed PBS (w/o Ca2+Mg2+) in order to remove any remaining viral particles. Gentle 
trypsinization (0.025%, 10 min at 37 °C) was performed, and a cell suspension 
(50 million cells/ml) was prepared in neurobasal medium (NB) supplemented with B27, 
GlutaMax and Pen/Strep. 
For transplantation of donor cells, host mice were deeply anaesthetized and the ipsilateral 
bone flap covering the CPN-ablated V1 was carefully removed. A volume of 0.5 to 1 µl of cell 
suspension (25.000 - 50.000 cells) was injected with a Hamilton syringe (31 gauge) at a 
depth of 50-350 µm, and a cranial glass window was implanted (see 3.9). 
 
3.8 In Vitro Viral Transduction 
In a subset of experiments (n=2), donor cells were labelled via in vitro viral transduction 
using adeno-associated virus (AAV; AAV2/1-hSyn1-flex-mRuby2-P2A-CGaMP6s-WPRE-
SV40). In short, neocortical tissue from E14.5 donor embryos was dissociated as described 
above (see 3.7.) and plated at a density of 300.000 cells/well in poly-L-lysine coated 24-well 
plates. Cells were plated in DMEM high glucose (4.5 g/l) with GlutaMax, Pen/Strep and 
10% FBS, allowed to adhere and transduced with AAV (1 µl/well; 107 to 1011 transducing 
units/ml). FBS was gradually removed by replacing half of the medium with DMEM high 
glucose with GlutaMax, Pen/Strep and B27 every two days. Cells were prepared for 
transplantation after 4 days in vitro, corresponding to E18.5 acutely dissociated cells. 
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3.9 Cranial Window Implant 
For chronic structural and functional in vivo imaging experiments a cranial glass window was 
implanted on top of V1 after cell transplantation. For experiments involving GLAST-
creERT2 x CAG-GFP mice, a cranial glass window was implanted 5 to 10 days before laser 
photoactivation. We followed procedures described previously Holtmaat 2009a. In short, mice 
were deeply anaesthetized and the disinfected skin at the posterior mouse head was 
removed. The periosteum was locally anaesthetized with 5% lidocaine gel before a 
craniotomy (4.5 mm diameter) was performed. A coverslip (5 mm diameter, #1 thickness) 
was loosely placed on the intact dura, resting on the edge of the craniotomy, and sealed to 
the bone with cyanoacrylate. A small metal bar (5 x 8 mm) with screw holes for head fixation 
during image acquisition was attached to the skull medial to the window implant. Skin 
margins, cover-glass and metal bar were embedded in dental acrylic mixed with black 
pigment. 
 
3.10 Intrinsic Optical Imaging 
In a subset of mice (n=16), optical imaging of intrinsic signals Grinvald 1986 was used to direct 
Ce6+ beads injection and laser photoactivation to the binocular zone of V1. In additional 16 
mice, the correct location of cell transplantation was verified at 3 days post transplantation 
(dpt). In short, anaesthetised mice were presented with square wave drifting gratings 
(4 orientations, 600 ms stimulus duration; 0.03 cycles deg-1, 2 cycles sec-1) in a 2 x 2 array 
covering approximately -10° to 70° azimuth, -20° to 40° elevation of the ipsi- or contralateral 
visual field, respectively. For the identification of V1, visual stimuli were presented to the 
contralateral eye, while the ipsilateral eye was covered. For the localization of the binocular 
zone, visual stimuli were presented to the ipsilateral eye, while the contralateral eye was 
shielded. The cortical surface was evenly illuminated through the cranial window with 
monochromatic light of 707nm. A cooled, slow scan CCD camera (12 bit) was focused 200-
300 µm below the cortical surface, and frames were recorded with 600 ms exposure time. 
Images of average responses (3 repetitions of 12 stimulus frames per location) were blank-
corrected, range-fitted and low-pass-filtered Schuett 2002. For visualization, the false color-coded 
maximum projection of visual responses was mapped on top of the blood vessel image 
acquired prior to visual stimulation. 
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3.11 BrdU Treatment 
Mice received BrdU treatment in order to label "new-born" cells (cells undergoing S-phase) 
in the adult mouse before, during and after laser lesion. BrdU was administered via drinking 
water (1 mg/ml BrdU, 1% glucose) for 2 weeks in various intervals spanning in total 3 weeks 
prior to 3 weeks post laser lesion. Water bottles were light shielded and BrdU solution was 
exchanged twice per week. 
 
3.12 Immunocyto- and Immunohistochemistry 
3.12.1 Fixation and Perfusion 
PC-12 cells were washed with PBS and fixed in freshly diluted 4% PFA in PBS (32% stock 
solution) for 10 min. Cells were either subjected directly to TUNEL staining or kept in PBS 
overnight for processing on the following day. 
Mice were deeply anaesthetized with fentanyl-based anaesthesia (1.5x dose, see 3.1.) and 
transcardially perfused using a peristaltic pump. After rinsing with 50 ml cold saline with 
lidocaine (0,1%) and heparin (1 U/ml), mice were perfused with 200 ml 4% PFA for 20-
30 min. Brains were carefully removed from the skull and subjected to short (2 h at RT) or 
long post-fixation (over night at 4 °C) dependent on the antibodies used during subsequent 
immuno-labelling. Brains were then transferred to 30% sucrose in PBS and kept at 4 °C until 
sunken. Brains were subsequently embedded in O.C.T compound, frozen at -70 to -80 °C in 
isopentane and stored at -80 °C. 
 
3.12.2 Slice Preparation 
Coronal serial sections were prepared from frozen brains using a cryostat. After 30 min 
temperature equilibration in the cryostat chamber at -19 °C, sections were cut at 30 µm 
(40 µm for BrdU labelling, see 3.12.4.) and either directly mounted on adhesive glass slides 
(for TUNEL labelling) or collected in PBS in 24-well plates. For analysis of S1 and V1, 
sections between Bregma 2 to -2 and -2.5 to -4.5 were processed, respectively. 
 
3.12.3 Terminal dUTP Nick End Labelling 
PFA-fixed PC-12 cells and brain sections mounted on glass slides were subjected to TUNEL 
staining using Roche´s In Situ Cell Death Detection Kit. Briefly, cells and sections were 
permeabilized in 0.1% sodium citrate with 0.1% Triton X-100 (Tx100) for 10 min at 4 °C. 
After washing in PBS, edges of glass slides and wells were greased with a Pap Pen. Label 
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solution with fluorescein conjugated dUTPs was mixed with enzyme stock solution (10x 
terminal deoxynucleotidyl transferase) and samples were incubated for 60 min at 37 °C 
under light agitation in saturated humidity (waterbath). For positive controls, cells and 
sections were treated with 2000 U DNase I in 50 mM Tris-HCl with 1 mg/ml BSA, pH 7.5 for 
10 min at RT. Label solution (dUTPs) without enzyme was used as negative control. 
Samples were washed with PBS and counterstained with DAPI (0.01 mg/ml). After a short 
rinse in dH2O, samples were de-hydrated and mounted. 
 
3.12.4 Immuno-labelling 
Both, glass slide adsorbed and free floating sections were rinsed in PBS to eliminate any 
excess of O.C.T compound and subsequently treated with 0.1% Tx100 in PBS for 10 min at 
RT. Samples were washed in PBS and incubated with block solution (3% BSA with 5% goat 
serum [GS] in PBS) under light agitation for 1 h at 37 °C. Samples were rinsed in PBS and 
incubated with primary antibodies (see table below) in 1% GS in PBS for 3 h at 37 °C or o/n 
at 4 °C in saturated humidity. After 10 min in 0.1% Tx100 in PBS samples were washed in 
PBS and incubated with secondary antibodies (see table below) in 1% GS in PBS for 3 h at 
37 °C, light shielded and under saturated humidity. 
For immuno-labelling of BrdU, sections (all free-floating) were subsequently fixed in freshly 
prepared 4% PFA for 10 min. Sodium citrate buffer (10 mM) with 0.05% Tween20 at pH 6 
was pre-heated in 2 ml tubes at 95 °C in an orbital shaker with temperature control. Sections 
were transferred to tubes and incubated at 95 °C for 20 min with intervals of 10 s agitation at 
300 rpm every minute. Sections were transferred back to 24-well plates, washed in PBS and 
incubated with rat anti-BrdU antibodies (1:300) in PBS with 0.5% Tx100 and 10% GS o/n at 
4 °C in a humid chamber. Following wash steps in PBS, sections were incubated with 
secondary goat anti-rat antibodies (1:1000, see table below) in PBS with 1% GS for 3 h at 
37 °C, light shielded and under saturated humidity. 
Finally, samples were washed and counterstained with DAPI (0.01 mg/ml) in PBS for 10 min. 
Free-floating sections were transferred to glass slides with fine paint brushes and all 
samples were rinsed in dH2O, de-hydrated and mounted. 
Functional	Integration	of	New	Neurons	into	Adult	Cortical	Circuits	
	
	 34	
 
Primary Antibodies Secondary Antibodies 
Rat monoclonal anti-BrdU 1:300 Alexa Fluor 488, Goat anti-mouse 1:1000 
Rabbit polyclonal anti-Dcx 1:2000 Alexa Fluor 594, Goat anti-mouse 1:1000 
Rabbit polyclonal anti-GFAP 1:500 Alexa Fluor 594, Goat anti-rabbit 1:1000 
Chicken polyclonal anti-GFP 1:500 Alexa Fluor 594, Goat anti-rat 1:1000 
Rabbit polyclonal anti-Iba1 1:500 Alexa Fluor 647, Goat anti-mouse 1:1000 
Mouse monoclonal anti-NeuN 1:100 Alexa Fluor 647, Goat anti-rat 1:1000 
Rabbit polyclonal anti-NG2 1:200 Cy3 conjugated, Goat anti-mouse 1:200 
Rabbit polyclonal anti-Olig2 1:500 Cy3 conjugated, Goat anti-rabbit 1:200 
Rabbit polyclonal anti-DsRed 1:100 Cy5 conjugated, Goat anti-mouse 1:200 
Mouse monoclonal anti-S100β 1:1000 Fluorescein, Goat anti-chicken 1:250 
 
3.12.5 Microscopy 
Samples were investigated using an upright Zeiss epifluorescence microscope (Axio Imager 
M2) equipped with a mercury light source (HXP 120), a high resolution monochrome camera 
(AxioCam MRm 3) and the following objectives and filter sets: Plan-Neofluar 5x (0.15 NA), 
Plan-Neofluar 10x (0.3 NA), Plan-Neofluar 20x (0.50 NA), Plan-Neofluar 40x (0.75 NA), 
Plan-Neofluar 63x, oil immersion (1.25 NA), filter set 68 DAPI, filter set 43 HE Cy3, filter set 
65 HE Alexa 488, filter set 64 HE mPlum, filter set 50 Cy5. Images were acquired with 
AxioVision 4.8.2 using the multichannel and/or mosaic acquisition modules. 
For quantitative analysis of BrdU staining, 3D image stacks (566.8 x 566.8 µm, 1.107 px/µm, 
1 µm z-steps) were acquired using a Zeiss laser-scanning confocal system (LSM 710) 
equipped with a 25x water immersion objective (0.8 NA) and the ZEN 2012 acquisition 
software package. 
 
3.13 Analysis of Immunocyto- and Immunohistochemistry 
PC-12 cells and sections labelled with TUNEL were analysed using the Fiji Schindelin 2012 
package of ImageJ. TUNEL+ cells were quantified using the cell counter plugin and 
normalized to the total number of DAPI+ cell nuclei in the same field of view, expressed in 
per cent. 
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Serial sections of SS and V1 were closely examined for the presence of GFP+ neurons 
(NeuN+) by screening every section and documenting the slice number as well as the 
cortical location of each cell. From each brain, example images were acquired. 
For the quantification of NeuN+BrdU+ neurons, confocal z-stacks were examined using 
ZEN 2012 or Fiji. Serial optical sections were closely investigated for double positive cells 
using orthogonal views in xz and yz. NeuN+BrdU+ neurons were identified and counted in 
three areas (see Figure 26): At the injection site (Inj.), at the lesion site (L) and outside of the 
lesion site (oL). For each animal, 3 to 6 brain sections were investigated and results are 
presented as average absolute number of cells per section per area. 
 
3.14 In Vivo Two-photon Imaging 
In vivo two-photon imaging was carried out on an Olympus FV1000BX61 system equipped 
with a mode-locked Ti:sapphire laser (Mai Tai DeepSee) through a 25x water immersion 
objective (1.05 NA). Laser settings and image acquisition were controlled by Fluoview 
software. 
 
3.14.1 Structural In Vivo Two-photon Imaging 
For structural in vivo imaging mice were anaesthetized with fentanyl based anaesthesia 
(see 3.1.) and placed on a feedback controlled heating pad. Data were acquired at 910 nm 
with an average laser power of <30 mW, and the emission signal was directed through a 
dichroic mirror (split at 570 nm) and red/green bandpass emission filters (570-625 nm and 
495-540 nm). 
In transplantation experiments a typical imaging session lasted 2-3 h. Host mice were 
imaged as early as 3 days post transplantation. Individual transplanted cells were identified 
and followed in short, increasing intervals (2 to 5 days) within the first 4 weeks and weekly 
thereafter (up to 12 wpt). In two mice we acquired late time points at 9 to 11 months post 
transplantation. In each imaging session high-resolution tiled volume stacks (510 x 510 µm 
field of view; 512 x 512 pixel per tile; 0,33 µm/px; 1-3 µm z-steps) were acquired down to a 
depth of 350 µm from the pial surface for overview and reconstruction of whole cell 
morphology of transplanted cells. In addition, high-resolution close-up stacks (73 x 73 µm; 
0.14 µm/px; 0.5-1 µm z-steps) of typically three individual dendritic and axonal processes, 
respectively, were acquired at various depths between 50 and 300 µm. For the analysis of 
synaptic structure density, turnover and survival we included both basal and apical dendritic 
processes. 
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A typical imaging session in order to image up to 0.8 mm3 in GLAST-creERT2 x CAG-GFP 
mice (see Fig. 31) lasted 2-3 h. Mice were subjected to in vivo two-photon imaging directly 
after laser photoactivation (day 0) and weekly thereafter up to 8 weeks post lesion (wpl). In 
each imaging session four high-resolution tiled volume stacks (760 x 760 µm field of view; 
512 x 512 pixel per tile; 0,49 µm/px; 1 µm z-steps) were acquired down to a depth of 300 µm 
from the pial surface. Wherever possible, a 5th volume stack (up to 506 x 1520 µm field of 
view) was acquired (see Fig. 31B). Mice were perfused at 8 wpl and brains subjected to 
immunohistochemistry (see 3.12.). 
 
3.14.2 In Vivo Two-photon Calcium Imaging 
For functional in vivo imaging experiments donor cells were labelled with the genetically 
encoded calcium indicators (GECIs) CGaMP6s Chen 2013 or Twitch2B Thestrup 2014 (a FRET 
based sensor). Emx1-Cre x Ai9 donor cells were mixed with AAV encoding a double-floxed 
inverted open reading frame version of either GECI prior to transplantation (AAV2/1-hSyn1-
flex-CGaMP6s-WPRE-SV40; AAV2/1-CAG-flex-Twitch2B-WPRE-SV40). In a subset of 
experiments (n=2 host mice) donor cells were labelled in vitro (AAV2/1-hSyn1-flex-mRuby2-
P2A-CGaMP6s-WPRE-SV40, see 3.8.). 
Mice were kept on a feedback controlled heating pad and in vivo imaging was performed 
under light anaesthesia. Mice received 0.4x dose for initial anaesthesia and a subsequent 
0.2x dose every 90 min. For ipsi- and contralateral visual stimulation, either the left or the 
right eye was occluded, respectively, and full field moving gratings (square wave, high 
contrast; 0.04 cyc deg-1, 1.5 cyc s-1; 4 orientations, 8 directions) were presented to the open 
eye (30 cm distance monitor to eye). The 8 directions were presented in random order, each 
displayed for 3 seconds, followed by 3 seconds of an isoluminant grey screen. Presentation 
of 3 x 8 directions was flanked by 10 seconds of grey screen (constituting one stimulus 
sequence of 3 repeats). Typically, 2-3 stimulus sequences were presented per imaging 
plane (altogether 6-9 repeats). 
Data were acquired either at 940 nm (GCaMP6) or at 860 nm (Twitch2B) with an average 
laser power of <30 mW; a typical imaging session lasted 2-3 h. Emitted light was directed 
through a longpass dichroic mirror (split at 570 nm, GCaMP6; 505 nm, Twitch2B) and 
recorded through emission filters (BA495-540HQ and BA570-625HQ, GCaMP6; ET480/40M 
and ET535/30M, Twitch2B). 
In each imaging session a tiled volume stack (760 x 760 µm field of view; 512 x 512 px per 
tile; 0.49 µm/px; 3-5 µm z-steps) was acquired up to a depth of 350 µm from the pial surface 
for an overview of transplanted (tdT+) neurons. Five to 10 candidate areas with tdT+/GECI+ 
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neurons were recorded at a frame rate of 2.4 Hz during visual stimulation (73 x 73 µm field 
of view; 0.28 µm/px). 
Host mice were imaged starting at 4 wpt, and individual responsive neurons were repeatedly 
recorded up to 15 wpt. In a subset of experiments (n=2 mice) we specifically recorded late 
time points at 11 to 15 wpt. 
 
3.15 Analysis of In Vivo Structural Data 
Image stacks were processed using the Fiji Schindelin 2012 package of ImageJ as follows: 
Fluorescence signals of rhodamine conjugated e6 beads detected with equal intensity 
through red/green bandpass emission filters were removed by channel subtraction 
(see Fig. 10). Images were converted to 8 bit and subjected to a small 2D Gaussian filter 
(σ < 0.6 px). For display purposes only, maximum intensity z-projections are shown with 
adjusted brightness/contrast. 
Whole cell morphology was reconstructed using Simple Neurite Tracer 
(http://fiji.sc/Simple_Neurite_Tracer) Longair 2011. Briefly, apical and basal dendrites were semi-
automatically traced through the high-resolution tiled volume stack. Based on the traced 
skeleton, a single cell 3D volume model was rendered (see Fig. 9). 
In order to determine spine and bouton densities, dynamics and survival, these putative 
synaptic structures were identified Holtmaat 2009a in image stacks at each recorded time point. 
We included all clearly visible structures in x, y and z. An ID was assigned to each individual 
identified structure at the time point of its first appearance and registered across time points. 
Density is reported as structures per µm, and turnover is calculated as fraction of structures 
(gained + lost) / (total t1 + t2). We calculated the average survival fraction of gained 
structures dependent on the time point of their first appearance according to the non-
parametric Kaplan-Meier estimator Machin 2006 (using GraphPad PRISM). This method takes 
into account that there is some uncertainty of the actual survival of synaptic structures 
present at (and presumably longer than) the last experimental time point. Hazard ratios 
compare the rate of structure loss between structures that were gained at different time 
points. Median survival ratios compare the relative median survival of gained structures at 
different time points (see Fig. 16). 
16 dendritic stretches out of 5 mice and 33 axonal stretches out of 6 mice were analysed 
(average dendritic length: 50.5 ± 12.4 µm; average axonal length: 77.7 ± 25.3 µm). A total of 
13251 dendritic spines and 6266 axonal boutons across all time points were identified and 
registered to 2493 individual dendritic spines and 1600 individual axonal boutons on 0.8 mm 
total dendritic and 2.6 mm total axonal length. 
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Pre-processed (see above) high resolution tiled volume stacks of GLAST-creERT2 x CAG-
GFP mice were compared across time-points and GFP+ cells were matched. New, lost and 
migrating cells were identified based on their respective location to invariable GFP+ 
astrocytes (see Fig. 31D). GFP+ neurons and putative neurons (non-typical astrocyte 
morphology, see Fig. 31) were identified based on their morphology. Results are presented 
as average cells per imaged volume (0.7 - 0.8 mm3). 
 
3.16 Analysis of In Vivo Functional Data 
Functional imaging data were analysed using Fiji and Matlab. Individual frames were 
background subtracted using a rolling ball algorithm (>100 px radius), converted to 8 bit and 
subjected to a small 2D Gaussian filter (σ < 0.8 px). Stacks were full-frame aligned using 
linear transformations (StackReg, Thévenaz P., EPFL) and ROIs were selected manually 
based on the aligned maximum intensity projection across a stimulation sequence. For 
neuronal somata, ROIs included the cytoplasm and nucleus, for spines, ROIs comprised of 
the spine head. For axons, two to three individual boutons were identified based on their 
adjacent position along the axon and the similarity of their response profile (see Fig. 3). The 
fluorescence signal (F) was calculated as the average fluorescence of all pixels within a 
given ROI (Twitch2B: R = av.FYFP/ av.FCFP). Neuronal activity was measured as the 
normalized change in fluorescence signal over time: (Ft-F0)/F0 (Twitch: Rt-R0/R0). The 
baseline (F0, R0) was calculated as the average signal over typically 10 seconds before and 
after each stimulation sequence (see 3.14.2). 
 
	
Fig.	3.	 Individual	 boutons	 of	 the	
same	 axon	 show	 highly	 similar	
responses	 to	 visual	 stimulation.	
Left,	 Axon	 of	 a	 transplanted	
neuron	 (tdT+)	 expressing	
GCaMP6,	 single	 optical	 plane,	
maximum	projection	of	all	frames	
of	 one	 stimulation	 sequence.	
Right,	 individual	 and	 average	
responses	 (ΔF/F)	 of	 4	 boutons	
(indicated	 on	 the	 left)	 to	 visual	
stimulation	with	 gratings	moving	 in	 8	 directions	 (grey	 bars,	 direction	 indicated	 on	 top).	 Note	 highly	 similar	
responses	of	all	boutons.	Scale	bars:	5	µm. 
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We classified neurons as visually responsive if the average ΔF/F0 > 3σ (Twitch2B: 
ΔR/R0 > 0.05 Thestrup 2014) for at least one stimulus direction. Tuning properties of each neuron 
are depicted in complex space using the normalized average peak response for each 
direction expressed in polar coordinates. In addition, normalized average peak responses 
are presented with normalized standard errors in 2D column plots. 
Orientation and direction tuning selectivity is expressed as the orientation and direction 
selectivity index (OSI/ DSI), respectively and calculated as follows: OSI = (Rpref - Rortho)/ 
(Rpref + Rortho), DSI = (Rpref - Ropposite)/ (Rpref + Ropposite). R is the average peak response to the 
preferred direction (Rpref), to the mean of the orthogonal directions (Rortho) and the opposing 
direction (Ropposite). As ratio based tuning properties do not take into account the distribution 
of responses across all tested directions, we also calculated single and double Gaussian 
fits Mazurek 2014. Following the assumption that an ideal orientation (or direction) tuned neuron 
would be perfectly described by a double (or single) Gaussian fit, the goodness of fit (R2) 
serves as a measure of tuning quality. In short, curves were fit with non-linear regression 
using PRISM. Single Gaussian fits were calculated according to y = a + amp * exp (-
0.5 * ((x-xmean)/σ)2), with a = offset from x-axis, amp = peak amplitude, x = stimulus directions 
in degree, xmean = x value at peak amplitude, and the following constraints: a > 0, amp = 1, 
xmean = 180°, σ ≥ 22.5°. Double Gaussian fits were calculated according to 
y = a + amp1 * exp (-0.5 * ((x-xmean1)/σ1)2) + amp2 * exp (-0.5 * ((x-xmean2)/σ2)2), with a = offset 
from x-axis, amp1 = peak amplitude, amp2 = amplitude at opposing direction, x = stimulus 
directions in degree, xmean1 = x value at peak amplitude, xmean2 = x value at amplitude of 
opposing direction, and the following constraints: a > 0, amp1 = 1, amp2 < amp1, 
Δxmean1, 2 = 180°, σ1, 2 ≥ 22.5°. R2 is computed as the normalized sum of least squares. 
To further describe the changes in tuning of individual neurons over time, we calculated the 
difference in preferred orientation at successive imaging time points for all neurons recorded 
at least twice. With 4 orientations, the individual difference was limited to discrete values of 
Δ45° between 0° and 90°. For the same set of neurons we also compared the reliability of 
responses over time. In short, we calculated the average correlation coefficients (Pearson 
correlation) of trial-to-trial responses during visual stimulation to the preferred direction 
across time-points. 
 
3.17 Statistics 
Statistical evaluation was performed using PRISM (Graphpad). In vitro quantification of 
apoptotic cells, as well as spine and bouton data were analysed with one-way ANOVA and 
Tukey post-tests for multiple comparisons. Survival curves were analysed pairwise using the 
Gehan-Breslow-Wilcoxon test, and p-value thresholds were adjusted for multiple 
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comparisons applying a Bonferroni correction. Functional data were subjected to non- 
parametric tests using Kruskal-Wallis with Dunn’s post-tests. In addition, the tuning of 
individual neurons across time-points, and the average normalized tuning of neurons at 6, 9 
and 15 wpt were compared with two-way ANOVA and Tukey post-tests for multiple 
comparisons. 
Results of BrdU+NeuN+ quantification in SS and V1 were compared using two-way ANOVA. 
Data from SS and V1 was pooled as no significant difference between areas was found 
(p=0.95, n.s.). The effect of laser photo-lesion was subsequently analysed using one-way 
ANOVA with Tukey post-tests. Quantification of GFP+ neurons in controls versus lesioned 
GLAST-creERT2 x CAG-GFP mice was subjected to non-parametric tests (Kruskal-Wallis 
with Dunn's post-tests), since the data did not pass D'Agostino and Pearson normality tests. 
Paired students t-test was applied to compare GFP+ neurons and non-typical astrocytes at 
day 0 and 8 wpl in in vivo imaging data after laser lesions. 
The minimum level of significance was defined as p<0.05 and all values are reported 
± S.E.M., if not stated otherwise. Levels of significance were defined as: *, p<0.05; 
**, p<0.01; ***, p<0.001; ****, p<0.0001. 
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4 Materials 
4.1 Antibodies 
Primary Antibodies 
Rat monoclonal anti-BrdU Abcam Cambridge, UK 
Rabbit polyclonal anti-Doublecortin Abcam Cambridge, UK 
Rabbit polyclonal anti-GFAP Dako Hamburg, GER 
Chicken polyclonal anti-GFP IgY Aves Labs Oregon, USA 
Rabbit polyclonal anti-Iba1 Wako Chemicals Neuss, GER 
Mouse monoclonal anti-NeuN IgG1, clone A60 Millipore Schwalbach, GER 
Rabbit polyclonal anti-NG2 chondroitin sulfate 
proteoglycan 
Millipore Schwalbach, GER 
Rabbit polyclonal anti-Olig2 Millipore Schwalbach, GER 
Rabbit polyclonal anti-DsRed Express Takara Bio Europe Saint-Germain, FR 
Mouse monoclonal anti-S100beta IgG1 Sigma Aldrich München, GER 
 
Secondary Antibodies 
Alexa Fluor 488, Goat anti-mouse IgG (H+L), 
highly cross-adsorbed 
Life Technologies Darmstadt, GER 
Alexa Fluor, 594, Goat anti-mouse IgG (H+L), 
highly cross-adsorbed 
Life Technologies Darmstadt, GER 
Alexa Fluor, 594, Goat anti-rabbit IgG (H+L), 
highly cross-adsorbed 
Life Technologies Darmstadt, GER 
Alexa Fluor, 594, Goat anti-rat IgG (H+L) Life Technologies Darmstadt, GER 
Alexa Fluor 647, Goat anti-mouse IgG (H+L), 
highly cross-adsorbed 
Life Technologies Darmstadt, GER 
Alexa Fluor 647, Goat anti-rat IgG (H+L) Life Technologies Darmstadt, GER 
Cy3 conjugated, Goat anti-mouse IgG (H+L), 
affinity purified 
Dianova Hamburg, GER 
Cy3 conjugated, Goat anti-rabbit IgG (H+L), 
affinity purified 
Dianova Hamburg, GER 
Cy5 conjugated, Goat anti-mouse IgG + IgM 
(H+L), affinity purified 
Dianova Hamburg, GER 
Fluorescein-labeled, Goat anti-chicken IgY 
(H+L), affinity purified 
Aves Labs Oregon, USA 
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4.2 Buffers and Solutions 
Artificial Cerebrospinal Fluid, ACSF: 119 mM NaCl 
 26.2 mM NaHCO3 
 2.5 mM KCl 
 1.0 mM NaH2PO4 
 1.3 mM MgCl2 
 10 mM Glucose 
Block Solution, IHC: 3% Bovine Serum Albumin 
  5% Goat Serum 
  PBS 
Citric Acid Buffer, TUNEL: 0.1% Sodium Citrate 
  0.1% Triton X-100 
Glycine Buffer, Beads Coupling: 0.1 M Glycine 
  pH 8.0 
Phosphate Buffer, Beads Coupling: 0.01 M Phosphate Buffer 
  pH 7.4 
Sodium Citrate Buffer, Antigen Retrieval: 10 mM Sodium Citrate 
  0.05% Tween20 
  pH 6.0  
HEPES 1M, Gibco Thermo Fisher 
Scientific 
Braunschweig, GER 
PBS Phosphate buffered saline 10x, 
Gibco 
Thermo Fisher 
Scientific 
Braunschweig, GER 
 
4.3 Cell Lines 
Rat Pheochromocytoma cells, PC-12 Cell Line Service Eppelheim, GER 
 
4.4 Chemicals 
D-AP5, Tocris R&D Systems Wiesbaden, GER 
Kynurenic acid, Tocris R&D Systems Wiesbaden, GER 
Agarose Biomol Hamburg, GER 
Black Pigment, Elfenbeinschwarz Kremer Pigmente Aichstetten, GER 
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5-Bromo-2'-deoxyuridine, BrdU Sigma Aldrich München, GER 
Chlorin e6, Frontier Scientific LivChem Frankfurt, GER 
Corn oil Sigma Aldrich München, GER 
DAPI, dilactate Sigma Aldrich München, GER 
Dental Cement, Paladur Heraeus Kulzer Hanau, GER 
EDC MB Biomedical Eschwege, GER 
Ethanol, abs. Merck Darmstadt, GER 
Fluorescence mounting medium Dako Hamburg, GER 
Glucose Sigma Aldrich München, GER 
Glue gel, Pattex Blitz gel Henkel Wien, Austria 
Glue liquid, Pattex Classic Henkel Wien, Austria 
Glycine Sigma Aldrich München, GER 
HCl Merck Darmstadt, GER 
Histoacryl Aesculap Tuttlingen, GER 
Iodine Solution B. Braun Melsungen  Melsungen, GER 
Isopentane Sigma Aldrich München, GER 
Na2HPO4 Merck Darmstadt, GER 
NaH2PO4 Merck Darmstadt, GER 
NaOH Merck Darmstadt, GER 
Paraformaldehyde, PFA 32% Science Services München, GER 
Red Retrobeads IX Lumafluor Durham NC, USA 
Sigmacote SL-2 Sigma Aldrich München, GER 
Sodium citrate C6.H5.Na3.O7 Merck Darmstadt, GER 
Sterican B. Braun Melsungen Melsungen, GER 
Tamoxifen, TM >99% Sigma Aldrich München, GER 
O.C.T Compound, Tissue Tec Sigma Aldrich München, GER 
Tris-HCl Merck Darmstadt, GER 
Triton X-100 Sigma Aldrich München, GER 
Trypan blue solution, 0.4% Sigma Aldrich München, GER 
Tween20 Sigma Aldrich München, GER 
Ultrasonic gel Dahlhausen Köln, GER 
 
4.5 Drugs 
Atipamezol, Antisedan 5 mg/ml Orion Pharma Hamburg, GER 
Carpofen, Rimadyl 50 mg/ml Pfizer Animal Health Madison NJ, USA 
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Eye lubricant, Oculotect fluid sine 50 mg/ml Novartis Melsungen, GER 
Fentanyl, 0.1 mg/ 2ml HEXAL Holzkirchen, GER 
Flumazenil, 0.5 mg/ 5ml HEXAL Holzkirchen, GER 
Isoflurane, Forane Baxter München, GER 
Isopto-Max, Eye Ointment Alcon Pharma  Freiburg, GER 
Lidocaine, 5% EMLA Astra Zeneca Wedel, GER 
Medethomidin, Domitor 1 mg/ml Orion Pharma Hamburg, GER 
Midazolam, Midazolam-ratiopharm 15 mg/ 3ml Ratiopharm Ulm, GER 
Naloxon, Naloxon-hameln 0.4 mg/ml Hameln Hameln, GER 
Saline, Sodium Chloride Solution, 0.9% B. Braun Melsungen Melsungen, GER 
Stereofundin, VG-5 B. Braun Melsungen Melsungen, GER 
Xylocain gel, 2% Astra-Zeneca Wedel, GER 
 
4.6 Glassware 
24 well plate insets, chemical resistant MPI workshop Martinsried, GER 
24 well plates, TPP flat bottom, polystyrene Sigma Aldrich München, GER 
6 well plates, Biocoat BD, poly-L-Lysine VWR Ismaning, GER 
Adhesion slides, Superfrost plus VWR Ismaning, GER 
Borosilicate glass capillaries, 10µL Karl Hecht Sonheim, GER 
Cell culture flasks, Biocoat BD, poly-D-Lysine VWR Ismaning, GER 
Coverslip #1 VWR Ismaning, GER 
Cryogenic tubes, Nunc, 1.8 mL Sigma Aldrich München, GER 
Embedding molds, disposable Polysciences Eppelheim, GER 
Eppendorf tubes VWR Ismaning, GER 
Falcon tubes VWR Ismaning, GER 
Glas capillaries, Borosilicate, ID 0.25 mm, 
OD 1 mm 
Hilgenberg Malsfeld, GER 
Glass cover slip round, 5 mm, #1 Menzel  Braunschweig, GER 
Insulin syringes, BD Micro-Fine 0.5 mL VWR Ismaning, GER 
Millex-GP filter unit, 0.22 µm Millipore Schwalbach, GER 
Pasteur pipettes, Volac, 150 mm, pre-plugged Poulten & Graf Wertheim, GER 
Petri dishes, 94 mm VWR Ismaning, GER 
Serological pipettes, Falcon BD, disposable VWR Ismaning, GER 
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4.7 Instrumentation 
Centrifuge tubes, Thinwall ultra clear, 13.5 mL Beckman Coulter Krefeld, GER 
Cryostat Leica Wetzlar, GER 
Micro Drill System Harvard Apparatus Holliston MA, USA 
Dental Drill Bits, Carbide, 1/4 tip Meisinger Neuss, GER 
Gel imager, ChemiDoc BioRad Munich, GER 
Heating controler, open loop MPI workshop Martinsried, GER 
Heating controler, closed loop MPI workshop Martinsried, GER 
Master 8, Pulse generator A.M.P.I Jerusalem, Israel 
Microelectrode Beveller WPI Berlin, GER 
Micromanipulator Bachofer  Reutlingen, GER 
Micromanipulator, MO-10 Narishige Tokyo, Japan 
Optical Power-meter kit PM130D Thorlabs Dachau/MU, GER 
PM100D digital meter Thorlabs Dachau/MU, GER 
S130C photodiode sensor Thorlabs Dachau/MU, GER 
Orbital shaker, ThermoMixer F2.0 Eppendorf Köln, GER 
TooheySpritzer, Pressure System IIe Science Products Hofheim, GER 
Rotor Ti70.1 Beckman Coulter Krefeld, GER 
Stereotaxic frame MPI workshop Martinsried, GER 
TFT Monitor, 20" Dell Frankfurt, GER 
TFT Monitor, 24" W2442PE-BF Dell Frankfurt, GER 
Ultrazentrifuge Beckman Coulter Krefeld, GER 
Vertical micro-pipette puller, P-10 Narishige Tokyo, Japan 
 
4.8 Kits 
Papain dissociation system, Worthington Cell Systems Troisdorf, GER 
In situ cell death detection kit, Fluorescein Roche Penzberg, GER 
 
4.9 Media, Supplements and Enzymes 
Albumin, bovine serum, lyophilized, >96% Sigma Aldrich München, GER 
B27, Serum free supplement, 50x Life Technologies Darmstadt, GER 
dH20, Cell culture grade, Gibco Thermo Fisher Braunschweig, GER 
DNase I, 2000 U/mg Roche Penzberg, GER 
Dulbecco's modified eagle medium, DMEM Life Technologies Darmstadt, GER 
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high glucose 
Fetal bovine serum, heat inactivated Sigma Aldrich München, GER 
Glutamax, 100x Life Technologies Darmstadt, GER 
Goat serum, Cell culture tested, sterile Sigma Aldrich München, GER 
Horse serum, heat inactivated, sterile Sigma Aldrich München, GER 
Minimum essential medium, MEM Life Technologies Darmstadt, GER 
Neurobasal medium, NBS Life Technologies Darmstadt, GER 
Penicillin, 100x, 10.000U Life Technologies Darmstadt, GER 
Recovery cell culture freezing medium Life Technologies Darmstadt, GER 
RPMI medium, Glutamax, Phenol red Life Technologies Darmstadt, GER 
Streptomycin, 100x, 10.000U Life Technologies Darmstadt, GER 
Trypsin-EDTA, 0.25%, phenol red Life Technologies Darmstadt, GER 
 
Dissection Medium: DMEM high glucose 
  GlutaMax (10 µL/mL) 
  PenStrep (1000 U/mL) 
  Kynurenate (in dH2O, 0.8 mM) 
  AP5 (in dH2O, 40 µM) 
Neuronal culture medium: NBS 
  1x B27 
  GlutaMax (10 µL/mL) 
  PenStrep (1000 U/mL) 
PC-12 cell culture medium: RPMI 1640 
  GlutaMax (10 µL/mL) 
  10% Horse Serum 
  5% FBS/ Calf Serum 
  Pen/Strep (1000 U/mL) 
 
4.10 Microscopes, Laser and Optical Components 
Flatbeam Laser, 670 nm, flat-top beam profile, 
250mW 
Schäfter & Kirchhoff Hamburg, GER 
44TO-0 laser diode source Schäfter & Kirchhoff Hamburg, GER 
Temperature control & Power supply Schäfter & Kirchhoff Hamburg, GER 
MMC-VIS/NIR, multimode fibre cable, 300µm Schäfter & Kirchhoff Hamburg, GER 
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diameter, 0.22 NA 
Fibre collimator, 0.4 NA Schäfter & Kirchhoff Hamburg, GER 
5M-M40, micro-focus-optics, 0.06 NA Schäfter & Kirchhoff Hamburg, GER 
CCD Cam, 12 bit, ORA 2001 Optical Imaging Inc. Germantown, USA 
Stimulus Generator, VSG Series Three Cambridge 
Research Systems 
Rochester, UK 
Mai Tai DeepSee, Mode-locked Ti:sapphire 
Laser 
Spectra-Physics Darmstadt, GER 
Mouse stage, acrylic, magnetic feet MPI workshop Martinsried, GER 
XLPLN 25x, water immersion, 1.05 NA Olympus Hamburg, GER 
LUMPlanFI/IR, 40x, water immersion, 0.80 NA Olympus Hamburg, GER 
Olympus FV1000BX61 system, 2PLSM Olympus Hamburg, GER 
Axio Imager M2 Zeiss Oberkochen, GER 
AxioCam MRm3, High resolution, mi range 
monochrome 
Zeiss Oberkochen, GER 
HXP 120 Zeiss Oberkochen, GER 
Plan-Neofluar 10x, 0.3 NA Zeiss Oberkochen, GER 
Plan-Neofluar 20x, 0.50 NA  Zeiss Oberkochen, GER 
Plan-Apochromat 25x, water immersion, 
0.8 NA 
Zeiss Oberkochen, GER 
Plan-Neofluar 40x, 0.75 NA Zeiss Oberkochen, GER 
Plan-Neofluar 5x, 0.15 NA Zeiss Oberkochen, GER 
Plan-Neofluar 63x, oil immersion, 1.25 NA Zeiss Oberkochen, GER 
Zeiss LSM 710, Confocal Microscope Zeiss Oberkochen, GER 
Stereomicroscope Zeiss Oberkochen, GER 
Surgical microscope, SOM-62 Karl Kaps  Aßlar, GER 
 
Filter set blue/yellow: Dichroic mirror, 505 nm 
ET480/40M 
ET535/30M 
Olympus Hamburg, GER 
Filter set red/green: Dichroic mirror, DM570 
Bandpass emission filter, 
BA495-540HQ 
Bandpass emission filter, 
BA570-625HQ 
Olympus Hamburg, GER 
Filter set 43 HE Cy3: EX BP 550/25 Zeiss Oberkochen, GER 
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BS FT 570 
EM BP 605/70 
Filter set 50 Cy5: EX BP 640/30 
BS 660 
EM BP 690/50 
Zeiss Oberkochen, GER 
Filter set 64 HE mPlum: EX BP 587/25 
BS 605 
EM BP 647/70  
Zeiss Oberkochen, GER 
Filter set 65 HE Alexa488: EX BP 475/30 
BS 495 
EM BP 550/100  
Zeiss Oberkochen, GER 
Filter set 68 DAPI: EX BP 377/28 
BS 403 
EM BP 464/100 
Zeiss Oberkochen, GER 
 
4.11 Mouse Lines 
CAG-CAT-GFP Nakamura et al. 2006 
CAG-LSL-tdTomato Madisen et al. 2010 
Emx1-cre Gorski et al. 2002 
GLAST-creERT2 x CAG-GFP Mori et al. 2006 
SOX10-cre Simon et al. 2012 
Thy1.GFP-M Feng et al. 2000 
 
4.12 Software 
Fiji package of ImageJ NIH Bethesda MD, USA 
ImageJ, Template matching NIH Bethesda MD, USA 
ImageJ, CLAHE filter NIH Bethesda MD, USA 
Simple Neurite Tracer M.H. Longir 2011 Zürich, CH 
AxioVision Zeiss Oberkochen, GER 
Fluoview Olympus Hamburg, GER 
IDL Exelis VIS Gilching, GER 
Matlab MathWorks Natick MA, USA 
GraphPad Prism 6 GraphPad La Jolla CA, USA 
Psychophysics Toolbox240, David H. Brainard University of Santa Barbara CA, 
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California USA 
ZEN 2012 Zeiss Oberkochen, GER 
 
4.13 Tools 
Surgical Tools: 
Bone curette, 140 mm B. Braun Melsungen Melsungen, GER 
Ethibond excel, 75mm, 6-0, 3/8c 13mm Johnson & Johnson Norderstedt, GER 
Forceps bent, #7, INOX B. Braun Melsungen Melsungen, GER 
Forceps blunt, Narrow pattern, 2mm F.S.T Heidelberg, GER 
Forceps straight, Dumont #5, INOX B. Braun Melsungen Melsungen, GER 
Forceps straight, Dumont #5, ceramic coat F.S.T Heidelberg, GER 
Forceps straight, Nr.7 Keramik F.S.T Heidelberg, GER 
Hemostat Hartman F.S.T Heidelberg, GER 
Scalpel blades F.S.T Heidelberg, GER 
Scissors F.S.T Heidelberg, GER 
Vannas-Tübingen spring scissors, angled, 
5mm blades 
F.S.T Heidelberg, GER 
 
Other Tools: 
Cotton tips, 15 cm, medical care & serve Wiros, Wilfried 
Rosbach GmbH 
Willich, GER 
Ear tag plier, for small laboratory animals Hauptner & 
Herberholz 
Solingen, GER 
Ear tags, for small laboratory animals Hauptner & 
Herberholz 
Solingen, GER 
Feeding needle, Stainless steel, 20 gauge, 
300 mm shaft 
F.S.T Heidelberg, GER 
Freezing container, Nalgene Mr. Frosty Sigma Aldrich München, GER 
Hamilton syringe, 30 gauge WPI Berlin, GER 
Headbar, custom made metal bar, 2 x 7 mm MPI workshop Martinsried, GER 
Hemocytometer Empfenzeder München, GER 
Homeothermic blanket MPI workshop Martinsried, GER 
Micropipette storage jar, 1.5 mm OD WPI Berlin, GER 
PAP Pen Polysciences Eppelheim, GER 
Raser blades Leica Wetzlar, GER 
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Rectal probe, smooth ball tip, for rodents WPI Berlin, GER 
Sugi Kettenbach Medical Eschenburg, GER 
 
4.14 Virus 
AAV2/1.CamK2a-cre.WPRE Vector Core 
Services, University 
of Pennsylvania 
Philadelphia PA, 
USA 
AAV2/1-hSyn1-flex-CGaMP6s-WPRE-SV40 Vector Core 
Services, University 
of Pennsylvania 
Philadelphia PA, 
USA 
AAV2/1-hSyn1-flex-mRuby2-P2A-CGaMP6s-
WPRE-SV40 
Rose et al. 2016 Martinsried, GER 
AAV2/1-CAG-flex-Twitch2B-WPRE-SV40 Thestrup et al. 2014 Martinsried, GER 
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5 Results 
In this thesis, I investigated arguably one of the most extreme forms of CNS plasticity, the 
incorporation of whole new building blocks - in form of new excitatory neurons - into adult 
neocortical circuits. Specifically, I investigated the structural and functional integration of 
exogenous (transplanted) or endogenous (lesion induced) new neurons into the primary 
visual cortex (V1) of adult mice previously deprived of layer 2/3 (L2/3) cortical projection 
neurons. Besides the survival and morphological development of new neurons, the formation 
and long-term dynamics of connections to and from the host network were examined. In 
addition, the capability of new neurons to appropriately respond to visual stimuli, and thus, to 
perform a meaningful function during the processing of visual information in V1, was 
investigated. 
 
Parts of this thesis were published as, 
 
Falkner S*, Garde S*, Dimou L, Conzelmann K, Bonhoeffer T, Götz M, Hübener M. 
Transplanted embryonic neurons integrate into adult neocortical circuits. Nature 2016 
vol 539, pp 248-253 
 
5.1 Apoptotic Laser Photolesion 
In order to specifically eliminate a fraction of L2/3 projection neurons in V1 of adult mice, I 
used a photolytic lesion model first published in 1991 Macklis 1991. Based on the selective laser 
photoactivation of heterocyclic aromatic compound chlorine e6 (Ce6) and the subsequent 
production of intracellular reactive oxygen species (ROS) Sheen 1994, Tsay 2007, this model 
reportedly leads to non-invasive, spatially confined, apoptotic cell death in Ce6-labelled cells. 
In a first step, I adapted the model to V1 and characterized its time course and extent. 
 
5.1.1 Specific and Local Ablation of PC-12 Cells In Vitro 
I first tested the specificity of laser ablation of Ce6-labelled cells in vitro. Ce6 was conjugated 
to fluorescence latex beads (rhodamine+) as described in 3.4, and PC-12 cells were labelled 
by incubation in 1 µl/ml Ce6+ beads in culture medium. An area of 2 mm diameter was 
subsequently illuminated with 670 nm laser light (19 J/cm2; see Fig 2A). Control conditions 
included untreated cells (without Ce6+ beads, without laser), cells that received only laser 
illumination (without Ce6+ beads) and regions outside the laser illuminated zone (with Ce6+ 
beads, without laser). Apoptosis induction was determined by TUNEL labelling 8 h later. 
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Fig.	4.	 Specific	 and	 local	 laser	 ablation	 of	 Ce6+	 cells	 in	 vitro.	
(A)	Laser	 photo-activation	 (670	nm,	 29	J/cm2)	 induced	 local	
apoptotic	cell	death	in	Ce6	containing	PC12	cells	in	culture.	Wide	
field	 fluorescence	 image,	 single	channel	 left	 (TUNEL,	green)	and	
multichannel	 right	 (TUNEL,	 green;	 DAPI,	 blue).	 Left,	 apoptotic	
cells	 (TUNEL+,	 green)	 are	 confined	 to	 the	 area	 of	 laser	
illumination	 (2	mm	diameter,	 centre).	Right,	 cells	outside	of	 the	
laser	 area	 (DAPI,	 blue)	 are	 TUNEL–.	 (B	 and	 C)	 Magnification	 of	
insets	shown	in	(A),	right	panel.	(B)	Exposed	cells	are	TUNEL+	(TUNEL–	Ce6+,	open	arrowheads),	while	(C)	non-
exposed	Ce6+	cells	in	the	same	well	are	TUNEL–	(TUNEL+	Ce6+,	filled	arrowheads).	Ce6–	cells	(cultured	without	
Ce6	coupled	beads)	are	not	ablated	by	laser	 illumination	alone	and	are	TUNEL–	(see	D).	 (D)	Quantification	of	
TUNEL+	cells	cultured	with	or	without	Ce6+	beads	fixed	8	h	after	 laser	 illumination,	normalized	to	DAPI+	cells	
within	 the	 same	 field	 of	 view	 (Ce6+Laser+	 94.9	 ±1.41%,	 n=7;	 Ce6–Laser+	 7.9	±3.26%,	 n=3;	 Ce6+Laser–	 6.2	
±	1.09%,	n=2;	DNase	treated	Ce6–Laser–	100	±0.00%,	n=3;	one-way	ANOVA,	p<0.0001,	Tukey	post-tests).	Scale	
bars:	(A)	1	mm;	(B-D)	100	µm.	
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TUNEL+ cells were confined to areas of laser illumination and comprised a substantial 
fraction (94.9 ±1.41%, n=7; Fig. 4A, B and D) compared to non-exposed areas in the same 
well (6.2 ±1.09%, n=2; Fig. 4A, C and D) and laser exposed Ce6– cells (7.9 ±3.26%, n=3; 
one-way ANOVA, p<0.0001, Tukey post-tests; Fig. 4D). Thus, apoptotic cell death is 
exclusively and substantially induced in the presence of both, Ce6+ beads and laser 
illumination, and neither laser exposure alone, nor the presence of intracellular Ce6+ beads 
leads to cell death on their own. This assay was repeated with every new batch of Ce6-
conjugated beads to ensure continuous quality throughout subsequent in vivo experiments. 
 
5.1.2 Specific and Local Ablation of L2/3 Contralateral Projection Neurons 
Next, I adapted the photolytic lesion model in order to specifically eliminate L2/3 callosal 
projection neurons (CPNs) in V1 of adult mice. Significant numbers of CPNs in the upper 
cortical layers are only found at the lateral V1 border Cusick 1981, Wang 2007b, corresponding to the 
binocular zone Hubel 1967, Antonini 1999, Aboitiz 2003, and CPNs project to homotopic locations in the 
contralateral hemisphere. Since Ce6+ beads are taken up by axon terminals and are 
retrogradely transported to their cell somata Katz 1984, Madison 1993, labelling of V1 CPNs was 
achieved by targeted injections to the contralateral binocular zone (see Fig. 5A). Following 
transport, an area of 2 mm diameter in posterior lateral V1 was subsequently exposed to 
670 nm laser light (see Fig. 6A). Different intensities and exposure times were tested (4 min, 
3 mW; 6 and 10 min, 30 mW; corresponding to 23 J/cm2, 344 J/cm2 and 573 J/cm2, 
respectively) at the same focal position (see 3.6; Fig. 6B-C), with the aim of limiting apoptotic 
cell death of CPNs to the upper cortical layers. Both, Ce6+ beads injection as well as laser 
photoactivation were guided by functional maps derived from intrinsic optical imaging during 
visual stimulation of the respective ipsilateral eye (see 3.10). Control conditions comprised 
mice that received either Ce6+ beads injection (without laser) or laser photoactivation 
(without Ce6+ beads). In addition, lesions were also conducted in somatosensory cortex 
(S1), were CPNs are more evenly distributed Wang 2007b, and successful photolytic lesion has 
been demonstrated previously Hernit-Grant 1996. Successful apoptosis induction was determined 
by TUNEL labelling of coronal sections at different time points after laser illumination. 
Five to 10 days after Ce6+ beads injection, rhodamine+ clusters of retrogradely transported 
beads were found predominantly in L2/3 and layer 5 (L5) (see Fig. 5B) consistent with the 
reported laminar distribution of CPNs Koester 1992, Mizuno 2007. Injections in mice with stochastic 
expression of fluorescent proteins in cortical pyramidal neurons (Thy1.GFP-M Feng 2000, n=2), 
revealed that beads form aggregates within the somatic cytoplasm, presumably contained in 
lysosomes Sheen 1994 (Fig. 5C). 
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Fig.	5.	 Ce6	 labelling	 of	 callosal	
projection	 neurons	 (CPNs)	 in	
S1	or	V1.	(A)	Ce6	coupled	beads	
are	 injected	 into	 the	
contralateral	 homotopic	 region	
of	S1	or	V1	(binocular	region)	to	
label	 CPNs.	 Scheme	 (top)	 and	
image	of	a	craniotomy	exposing	
V1	 (bottom)	 displaying	 6	
injection	 sites	 of	 Ce6+	 beads	
(black,	 see	3.4).	 (B)	 Wide	 field	
fluorescence	 image	 of	 Ce6+	
CPNs	 10	 days	 after	 beads	
injection	 (orange,	 Ce6	 coupled	
rhodamine+	 latex	 beads).	
Roman	 numbers	 denote	
cortical	 layers.	 Labelling	 is	
consistent	 with	 CPN	
predominance	 in	 layer	 2/3	
and	layer	5	Koester	1992,	 Mizuno	2007.	
(C)	Examples	of	 layer	5	CPNs	 in	
a	 Thy1-GFP	mouse	 line	 (green,	
red	arrowheads)	 labelled	with	 retrogradely	 transported	Ce6+	beads	 (orange)	 located	 in	 the	 cytoplasm	 (right	
column).	Scale	bars:	(A)	1	mm;	(B)	50	µm;	(C)	10	µm.	
 
The presence of intracellular Ce6+ beads alone did not lead to elevated numbers of TUNEL+ 
cells, nor did laser illumination alone (3.89 ±4.35% and 6.30 ±5.82%; Fig. 6E), while a 
substantial number of apoptotic cells was detected after combining both, Ce6+ beads and 
laser illumination, under all conditions tested (Fig. 6B-D). TUNEL labelling across layers 
varied with the amount of energy delivered to the brain: While 573 J/cm2 lead to apoptotic 
cells spanning layers 1 to 5, 23 J/cm2 only induced cell death in layer 1 (L1) and upper L2/3 
(Fig. 6C). A value of 344 J/cm2 resulted in robust cell loss throughout L2/3, also 
substantiated by a permanent loss of NeuN+ neurons (Fig. 6B). Consequently, this 
combination of laser intensity and exposure time was used in all subsequent experiments. 
TUNEL labelling at day 0 to 14 after laser photoactivation revealed a fast increase of 
TUNEL+ cells within hours, and a peak value at 3 days post lesion (dpl) (1 h, 27.93 ±12.39%; 
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3 dpl 48.22 ±4.65%; 7 dpl 19.68 ±10.40%; 14 dpl 15.75 ±7.34%; ±S.D; Fig. 6D). Note that 
the investigated time points, especially within the first week, likely contain an overlapping 
fraction of TUNEL+ cells, since apoptotic cell death progresses over the course of several 
days Madison 1993. 
 
	
Fig.	6.	 Specific	 and	 local	
apoptotic	 photolesion	 of	 Ce6+	
CPNs	 in	 vivo.	 (A)	S1	 or	 V1	
(binocular	 region)	 is	exposed	 to	
670	nm	 laser	 light	 (23	J/cm2,	
344	J/cm2	 or	 573	J/cm2).	
Schematic	 (top)	 and	 image	of	 a	
craniotomy	 over	 V1	 (bottom)	
with	 the	 area	 of	 laser	
illumination	indicated	as	dashed	
circle	 (white).	 (B)	Neuron	 loss,	
indicated	 by	 decreased	 NeuN	
staining	 (white),	 6	weeks	 after	
laser	 illumination	 (344	J/cm2)	 is	
confined	 to	 layer	 2/3	 in	 V1	
(dashed	 line,	 white).	 (C)	
Apoptotic	 cell	 death,	 indicated	
by	 TUNEL	 labelling	 (green),	
across	 layers	 depends	 on	 the	
amount	 of	 energy	 delivered	 to	
the	brain.	Left,	apoptotic	cells	in	
V1	 of	 a	 GLAST-GFP	mouse	 (see	
methods;	note	GFP+	astrocytes,	white	arrowheads)	exposed	 to	573	J/cm2	are	 found	 in	 layers	1	 to	5	 (dashed	
line,	white;	 3	 days	 after	 laser	 illumination).	 Right,	 apoptotic	 cells	 in	 SS	 exposed	 to	 23	J/cm2	 are	 confined	 to	
layer	1	and	upper	 layer	2/3	 (dashed	 line,	white;	3	days	after	 laser	 illumination).	 (D)	 Fraction	of	TUNEL+	cells	
after	laser	illumination	(0	to	14	dpl,	green	bars)	compared	to	laser	control	(laser	illumination	without	prior	Ce6	
labelling	of	CPNs,	red	bar).	(E)	Fraction	of	TUNEL+	cells	in	laser	control	(red	bar),	same	as	in	(D),	and	Ce6+	beads	
control	(CPNs	labelled	with	Ce6+	beads,	no	laser;	green	bar)	in	both	hemispheres.	Both	controls	show	<	7%	of	
apoptotic	cells	in	the	laser	hemisphere.	(D	and	E)	Each	bar	represents	the	average	(±	S.D.)	of	a	minimum	of	3	
consecutive	sections	within	the	lesion	site	of	one	mouse	(in	total	n=2	control	mice,	n=4	lesioned	mice	across	4	
time	points).	Scale	bars:	(A)	1	mm;	(B	and	C)	100	µm.	
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5.1.3 Intact Cytoarchitecture and Minor Inflammatory Response After Lesion 
The non-invasive nature of the photolytic lesion causes cell death without compromising the 
overall cytoarchitecture (Fig. 6C). An additional advantage of the model is its reported lack of 
reactive gliosis and inflammatory infiltrate Madison 1993, Sohur2012. 
To corroborate these results, I stained for markers of inflammation and qualitatively 
assessed the reaction of microglia (Iba1+; Fig. 7A), astrocytes (GFAP+; Fig. 7B) and cells of 
the oligodendrocyte lineage (Olig2+; Fig. 7C) 0 to 14 dpl. Control mice received bilateral 
craniotomies and subsequent unilateral laser illumination, without prior Ce6+ beads injection. 
To evaluate the degree of inflammation at each time-point, laser illumination and beads 
injection hemispheres were compared. Note that puncturing the brain with the injection 
capillary constitutes a minor stab wound lesion, expected to induce a limited inflammatory 
reaction Persson 1976. Accordingly, for all markers and time points investigated, 
immunoreactivity was markedly stronger in the beads injection hemisphere (Fig. 7A-C, 
bottom rows). In the laser illumination hemisphere, only a minor and transient inflammatory 
reaction was observed (Fig. 7A-C, top rows), characterized by an early (6 h) activation of 
microglia (Fig. 7A) and a subsequent (3 dpl) upregulation of GFAP in astrocytes (Fig. 7B). 
Both, Iba1 and GFAP immunoreactivity returned to baseline levels at 7 dpl. Levels of Olig2 
immunoreactivity were not substantially altered after photolytic lesion (Fig. 7C, top row), and 
only a minor increase in the number of Olig2+ cells was observed at 14 dpl. Neither laser 
illumination alone, nor the surgical procedure of the craniotomy (Fig. 7A-C, bottom rows, w/o 
Inj.) resulted in a detectable inflammatory response. 
 
5.1.4 Synopsis Part I 
In summary, photolytic lesion results in reliable and reproducible, spatially confined apoptotic 
cell death of Ce6 labelled CPNs in S1 and V1 over the course of 7 days. The lesion is 
characterized by its non-invasive nature and a minor inflammatory response, leaving the 
overall cytoarchitecture intact. A combination of focal point and laser intensity allows for the 
restriction of cell loss to layer 2/3. Therefore, this lesion model is ideally suited to specifically 
eliminate a spatially restricted fraction of layer 2/3 cortical projection neurons in adult mice. 
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Fig.	7.	 Intact	 cytoarchitecture	 and	 minor	 inflammation	 after	 apoptotic	 photolesion	 in	 vivo.	
Immunohistochemistry	 for	 inflammatory	 markers	 after	 laser	 illumination	 (0	to	14	dpl).	 Top	 rows,	 laser	
hemisphere	 (Laser).	 Bottom	 rows,	 Ce6+	 beads	 injection	 hemisphere	 (Injection).	 Controls	 (leftmost	 panels)	
received	laser	illumination	without	prior	Ce6	labelling	of	CPNs	(see	Fig.6E).	(A)	Transient	microglia	activation,	
indicated	by	increased	Iba1	immunoreactivity	6	h	after	laser	illumination	(white	arrow,	top	row),	followed	by	
(B)	an	increase	in	GFAP	immunoreactivity	at	day	1	and	3	(reactive	astrocytes;	white	arrow,	top	row).	Iba1	and	
GFAP	 return	 to	control	 levels	>	day	7.	 (C)	Olig2	 immunoreactivity	 is	moderately	higher	at	14	days	after	 laser	
illumination	(white	arrow,	top	row)	 indicating	a	minor	 increase	in	the	number	of	Olig2+	cells.	 (A-C)	Note	that	
the	inflammatory	response	induced	by	the	injection	capillary	(bottom	rows)	is	more	prominent	and	persistent	
compared	 to	 the	 inflammation	 caused	 by	 the	 photolesion.	 Also,	 the	 cytoarchitecture	 after	 photolesion	
remains	intact	(see	also	Fig.	6B	and	C).	Scale	bars:	(A-C)	100	µm. 
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5.2 Integration of Transplanted Embryonic Neurons in Adult Neocortical Circuits 
Next, I investigated the possibility of replacing lost layer 2/3 neurons with exogenous 
(transplanted) cells. Using chronic in vivo two-photon imaging through a cranial glass 
window Holtmaat 2009a, I followed the morphological development, structural integration and 
functional development of transplanted cells. 
 
	
Fig.	8.	Transplanted	embryonic	neurons	integrate	into	the	visual	cortex	of	adult	mice	following	local	ablation	
of	 layer	2/3	CPNs.	 (A)	Experimental	procedure	and	 timeline.	Seven	days	after	 the	 selective	 local	ablation	of	
layer	2/3	CPNs	(red)	in	V1	(binocular	region)	via	laser	photoactivation	dissociated	embryonic	cortical	neurons	
(green)	 are	 transplanted	 into	 the	 lesion	 site.	 A	 cranial	 glass	 window	 (blue)	 is	 implanted	 on	 top	 of	 the	
craniotomy	to	allow	for	subsequent	chronic	 in	vivo	 imaging	up	to	11	months.	(B)	Acutely	dissociated	cortical	
cells	 (see	 Methods)	 of	 an	 Emx1-cre	x	CAG-GFP	 mouse.	 Merge	 of	 phase	 contrast	 (red,	 false	 coloured)	 and	
fluorescence	image	(green).	The	majority	of	cells	are	GFP+	(GFP–	cells,	white	arrowheads).	(C)	Top,	overlay	of	
visual	 stimulus	 evoked	 intrinsic	 optical	 signal	 (colour	 coded	 in	 green;	 see	 Methods)	 and	 the	 blood	 vessel	
pattern	 through	 a	 cranial	 glass	 window.	 Red	 dotted	 line,	 area	 of	 laser	 photoactivation.	 Bottom,	 wide	 field	
fluorescence	 image	 through	 the	 same	 cranial	 window	 (V1,	 green	 dotted	 line).	 Grafting	 site	 (GFP+,	 white	
arrowhead)	in	the	binocular	region	of	V1.	(D)	In	vivo	two-photon	z-stack	projection	(inverted)	of	a	grafting	site	
52	dpt,	top	view	and	side	view.	Scale	bars:	(B)	50	µm;	(C	and	D)	100	µm. 
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5.2.1 Transplanted Neurons Survive and Adopt L2/3-like Morphology 
Donor cells for transplantation were prepared from cortical tissue of E18.5 Emx1-cre x CAG-
GFP embryos (see 3.1) using a papain based dissociation system Huettner 1986 (Fig. 8B; 
see 3.7). Note that in this mouse line excitatory neurons and a small fraction of glia but no 
inhibitory neurons are fluorescently labelled Gorski 2002. Five to seven days after laser-
photoactivation cells were transplanted into the lesion site (see 3.7) and a cranial glass 
window Holtmaat 2009a was implanted on top of the craniotomy (see schematic in Fig. 8A; 
see 3.9). To verify that transplantations were located within the binocular zone of V1, I 
performed intrinsic optical imaging (n=16; Fig. 8C; see 3.10) at 3 days post transplantation 
(dpt), prior to the first in vivo two-photon imaging session (see 3.14.1). Individual 
transplanted neurons were identified and followed at short, increasing intervals (2 to 5 days) 
within the first 4 weeks and weekly thereafter up to 12 weeks post transplantation (wpt). In 
two mice I acquired late time-points at 9 to 11 months post transplantation (mth pt). In vivo 
structural imaging was performed under fentanyl based anaesthesia (see 3.1). 
Transplanted neurons typically remained within 300-400 µm of the grafting site (Fig. 8D). By 
4 wpt the overwhelming majority of cells had acquired layer 2/3 pyramidal cell like 
morphology Miller 1981a, Miller 1988, with apical dendrites branching from one prominent dendritic 
trunk directed towards the pial surface and a number of basal dendrites originating at the 
soma (Fig. 9B and C). Note that the orientation of new neurons often deviated from the 
orthogonal, e.g. the main axis was tilted, and the apical dendritic tree extended from the 
grafting site in oblique angles. In addition, the axons of several example cells could be 
identified (Fig. 9C, left neuron). 
Previously reported cell fusion between transplanted and host neurons Alvarez-
Dolado 2003, Ackman 2006, Brilli 2013 could lead to GFP+ host neurons being mistaken for differentiated 
new cells. To control for fusion events, Emx1-Cre driven GFP+ donor cells were always 
(11/11 mice in structural in vivo imaging experiments) grafted into tdTomato (tdT) reporter 
mice Madisen 2010 (Fig. 10; see 3.1). Fusion would lead to Cre mediated expression of both, 
donor GFP and host tdT in such fused cells. However, GFP+/tdT+ cells were completely 
absent in all mice investigated (n=11; Fig. 10B). In addition (see below), transplanted 
neurons exhibited an intricate morphological development over time (Fig. 12 and 5.2.3). 
Together, these findings show that cell fusion did not occur after transplantation of 
embryonic cortical cells into areas of the photolytic lesion. 
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Fig.	9.	Transplanted	embryonic	neurons	adopt	pyramidal	neuron	morphology.	(A)	In	vivo	two-photon	z-stack	
projection	(inverted)	of	transplanted	neurons	 in	host	V1	at	45	dpt.	(B)	Reconstruction	of	neuron	indicated	in	
(A)	(light	blue	arrowhead),	side	view.	The	cell	body	is	located	at	a	depth	of	200	µm,	apical	dendrites	extend	up	
to	50	µm	below	the	pial	surface,	and	basal	dendrites	reach	a	depth	of	300	µm.	 (C)	Reconstruction	(skeleton	
traced	 through	 in	 vivo	 z-stack,	maximum	 projection)	 of	 example	 neurons	 (dark	 and	 light	 blue	 arrowheads)	
present	in	the	grafting	site	depicted	in	(A)	reveals	typical	layer	2/3	like	morphology.	Apical	dendrites	(magenta)	
branch	 from	 one	 prominent	main	 dendritic	 trunk	 and	 extend	 to	 the	 pial	 surface.	 Basal	 dendrites	 and	 axon	
(green)	extend	from	the	cell	body.	Basal	dendrites	reach	down	300	µm	below	the	pial	surface.	Axon	collateral,	
red	arrowhead.	Upper	row,	top	view;	lower	row,	side	view.	Scale	bars:	(A-C)	50	µm	(x,	y	and	z). 
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Fig.	10.	 Control	 for	 fusion	 events.	 (A)	 Genetic	 strategy	 to	 control	 for	 fusion	 events.	 Emx1-Cre	 driven	 GFP+	
donor	 cells	 were	 always	 transplanted	 into	 tdTomato	 reporter	 mice	 (n=10).	 (B)	Absence	 of	 tdTomato	
fluorescence	 in	GFP+	 grafted	neurons	 in	 vivo.	 Line	plot	 (along	 the	white	dotted	 line)	 across	 a	GFP+	 example	
neuron	 (green	 arrowhead)	 shows	 that	 the	 neuron	 is	 tdT	 negative.	 Rhodamine+	 beads	 (red	 arrowheads)	 are	
equally	detected	in	both	channels.	Units,	8	bit	grayscale. 
 
5.2.2 Ablation of Host Neurons Is Necessary for the Integration of Transplanted Cells 
In a subset of experiments (n=2), host mice received an additional graft within V1, but 
outside of the area of laser photoactivation (Fig. 11). In contrast to neurons transplanted into 
the lesion area, only few neurons survived the initial transplantation (< 3 dpt). No 
morphological maturation was observed over the course of 4 weeks, at which time point 
neurons within the lesion area exhibited mature layer 2/3 like morphology (27, 28 dpt, 
Fig. 11; see 5.2.1). Note that despite the absence of mature neurons, cells with glial 
morphology were present (3, 17 and 27 dpt, Fig. 11A; 13 and 28 dpt, Fig. 11B), indicating 
successful transplantation. The elimination of host neurons thus seems necessary in order to 
allow for successful survival and differentiation of grafted neurons. 
 
5.2.3 Early Morphological Development and Long-term Survival of Transplanted 
Neurons 
Within the lesion area transplanted neurons exhibited an intricate morphological 
development (Fig. 12, A-D): At 3 to 4 dpt neurons extended hundreds of µm of branched 
neurites with growth cones at their tips (Fig. 12B). Already at this early time point axonal 
processes could be clearly identified (Fig. 13, B and 5.2.4). As early as 5 to 6 dpt a short, 
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main apical dendrite featured primary and secondary branch points, outlining the 
subsequent, more sophisticated structure of the apical dendritic tree (Fig. 12D). Thus, 
neuronal polarity was unequivocally established by 6 dpt. Until the end of the second week, 
apical dendrites grew to their full length and formed only few additional secondary or tertiary 
branches (Fig. 12D). 
 
	
Fig.	11.	Cell	 loss	 is	necessary	 for	 the	 successful	 integration	of	 transplanted	neurons.	Grafting	 inside	 versus	
outside	of	the	area	of	 laser	photoactivation	in	two	example	mice.	(A)	Mouse	#1	and	(B)	mouse	#2.	(A	and	B)	
Left,	 overlay	 of	 visual	 stimulus	 evoked	 intrinsic	 optical	 signal	 (colour	 coded	 in	 green)	 outlining	 V1	 and	 the	
blood	vessel	pattern	through	a	cranial	glass	window.	Two	grafting	sites	are	indicated:	Filled	red	dot	(bottom),	
transplantation	 within	 the	 area	 of	 laser	 photoactivation	 (red	 dotted	 circle).	 Filled	 blue	 dot	 (top),	
transplantation	 outside	 of	 the	 area	 of	 laser	 photoactivation.	 Right,	 time	 series	 (in	 vivo	 two-photon	 z-stack	
projections)	of	transplantation	sites	3	to	28	dpt	within	(IN,	red,	bottom	row)	and	outside	(OUT,	blue,	top	row)	
of	 the	 laser	 area.	 Neurons	 transplanted	 within	 the	 laser	 area	 survive	 the	 initial	 phase	 of	 transplantation,	
develop	 layer	 2/3	 morphology	 and	 structurally	 integrate	 (see	 also	 Fig.	12A,	 Fig.	14	 and	 15).	 Few	 neurons	
transplanted	 outside	 of	 the	 laser	 area	 do	 survive	 the	 initial	 transplantation	 (<	3	dpt)	 and	 no	morphological	
maturation	was	observed.	Note	the	presence	of	presumptive	glia	cells	albeit	the	absence	of	neurons	(#1:	3,	17	
and	27	dpt	and	#2:	13	and	28	dpt).	Scale	bars:	(A	and	B)	100µm.	
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Fig.	12.	 Development	 and	 survival	 of	 individual	 transplanted	 neurons.	
(A)	Development	of	an	individual	transplanted	neuron	(GFP+)	3	to	92	dpt.	Note	
overall	stable	morphology	between	28	and	92	dpt.	BV,	blood	vessel.	(B)	Left,	
inverted	binary	maximum	projection	of	neurites	at	3	dpt	of	neuron	depicted	in	
(A).	 Right,	 transplanted	 neurons	 extending	 early	 neurites	 (blue	 arrowheads).	
Star,	 axonal	 growth	 cone;	 diamond,	 dendritic	 growth	 cone.	 (C)	Development	
of	basal	dendrites.	Left,	binary	image	and	right,	high	magnification	of	neuron	
in	 (A).	 Pruned	 process,	 filled	 and	 open	 red	 arrowheads;	 newly	 formed	
processes,	 green	 arrowheads.	 (D)	 Development	 of	 apical	 dendrites.	 Left,	
binary	of	 neuron	 in	 (A).	 Right,	 high	magnification	of	 another	neuron	 imaged	
repeatedly	 from	 6	 to	 29	 dpt.	 Early	 branch	 points	 remain	 stable	 (green	
arrowheads).	 (E)	 Long-term	 survival	 of	 transplanted	 neurons.	 Right,	 example	 neuron	 at	 23	dpt	 that	 is	 still	
present	at	304	dpt.	Left,	inverted	binary.	Notably,	neurons	that	survive	the	initial	phase	of	transplantation	and	
extend	dendrites	by	12	dpt	are	present	until	the	end	of	the	imaging	period	(97%	after	2	months,	8	mice;	94%	
after	11	months,	2	mice).	(A-D)	Blue	arrowhead	indicates	location	of	the	cell	body.	(A-E)	In	vivo	two-photon	z-
stack	projections.	Scale	bars:	(A	and	B)	50	µm;	(B)	(star,	diamond)	5	µm;	(C	and	D)	10	µm;	(E)	20	µm.	
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In contrast, the initial neurites that would later form the basal dendrites underwent massive 
rearrangements that lasted until the fourth wpt (Fig. 12C). Structural development of the 
basal dendrites included pruning as well as de novo growth of processes. Note that the 
maturation of the apical dendritic tree preceded the formation of basal dendrites, similar to 
the normal embryonic development of pyramidal cells Lund 1977, Miller 1981b, Marin-Padilla 2014. Dendritic 
structural development was completed by 4 wpt, and the dendritic tree remained stable until 
the end of the imaging period (2 months, n=8 mice; 11 months, n=2 mice). Notably, 97% 
(n=8 mice) and 94% (n=2 mice) of neurons that survived the initial phase of transplantation 
and extended dendrites by 12 dpt were present until 2 and 11 months, respectively 
(Fig. 12E). 
	
5.2.4 Development and Dynamics of Dendritic Spines and Axonal Boutons 
The elaborate morphology and stability of dendritic arbors, as well as the long-term survival 
of transplanted neurons suggests a stable integration also at the synaptic level. As dendritic 
spines and axonal boutons are regarded as reliable structural correlates of synapses Knott 2006, 
Harris 2012, distinct dendrites and axons were selected to follow the formation, development and 
dynamics of individual synaptic structures within days after transplantation and up to 
11 mth pt (Fig. 13-15; see 3.14.1). Synaptic density, turnover, fractional gain and loss, 
survival fractions, median survival and hazard ratios (relative rate of elimination) were 
calculated as described in 3.15 
Axonal boutons were detected as early as 3 dpt (3-4 dpt time bin, Fig. 13B) and were able to 
form within a few µm of the growth cone (Fig. 13C). In contrast, dendritic spines were not 
detected before 6 dpt and usually formed in the second week on pre-grown, arborized 
dendrites (Fig. 13A). Spine and bouton density increased massively up to 4 wpt, and 
subsequently reached a plateau (16 dendrites, n=5 mice: 1.38 ±0.17 µm-1 at 4 wpt; 
33 axons, n=6 mice: 0.23 ±0.016 µm-1 at 4 wpt) (Fig. 14C and Fig. 15B). Accordingly, the 
high initial turnover rates, largely based on a high fractional gain of new structures and an 
elevated, but less pronounced loss, decreased up to 4 wpt (Fig. 14D and Fig. 15C). Notably, 
early-formed spines and boutons have a considerably lower survival rate compared to time-
points >4 wpt (2493 individual spines, n=5 mice, p<0.00064 for 5-6, 7-9, 22-24 dpt; 1600 
individual boutons, n=6 mice, p<0.00018 for 3-4, 5-6, 22-24 dpt; Gehan-Breslow-Wilcoxon 
comparison with Bonferroni correction) and >9 mth pt (31 spines, 8 boutons; n=2 mice, 
p<0.00064) (Fig. 14E and Fig. 15D). For instance, newly formed spines at 5-6 dpt exhibited 
a median survival of only 4 days compared to 28 days for spines formed at 4 to 9 wpt. 
Similarly, newly formed boutons at 5-6 dpt showed a median survival of 6 days compared to 
14 days for boutons formed at 4 to 9 wpt. Concomitant to lower relative survival, early 
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formed synaptic structures exhibited a higher relative rate of elimination (spines, 2.5 times at 
5-6 dpt and 1.5 times at 7-9 dpt; boutons, 8.3 times at 3-4 dpt and 1.84 times at 5-6 dpt; 
Fig. 16). 
 
	
Fig.	13.	 Transplanted	 neurons	
form	 synaptic	 structures.	
(A)	Dendrites	 extend	 and	
arborize	 considerably	 before	
the	 first	 spines	 form	 on	 bare	
dendrites.	 Example,	 bare	
dendrite	at	8	dpt	that	forms	first	
spines	 12	dpt	 (empty	 green	
arrowheads,	 prospective	
location	of	newly	formed	spines	
indicated	by	 filled	 green	arrowheads).	 Two	 spines	 remain	 stable	until	 35	dpt	 (blue	arrowheads).	 (B)	 Bouton	
formation	precedes	 spine	 formation.	 Example	axon	at	4	dpt;	 arrowheads	 (green)	 indicate	new	boutons	 that	
remain	stable	over	subsequent	time	points	(blue	arrowheads).	(C)	Boutons	are	able	to	form	within	a	few	µm	of	
the	axonal	growth	cone	(green	arrowheads).	 Individual	boutons	that	have	formed	in	the	vicinity	of	a	growth	
cone	are	able	to	survive	for	days	and	weeks	(blue	arrowheads).	Scale	bars:	(A-C)	10	µm. 
 
Between 5 and 8 wpt turnover rates underwent a period of transient increase and only 
stabilized thereafter (one-way RM-ANOVA 4-10 wpt, p<0.0001; Tukey post-tests) at a level 
of <14% (spines: 0.125 ±0.013; boutons 0.139 ±0.018; both at 10 wpt) (Fig. 14D and 
Fig. 15C). Notably, spine densities and turnover rates >8 wpt were comparable to the 
previously reported values for L2/3 pyramidal cells in the visual cortex of young adult and 
adult mice Holtmaat 2005, Hofer 2009. Altogether, at 8-10 wpt transplanted neurons had developed 
largely stable and persistent pre- and postsynaptic structures that remained constant up to 
almost a year after transplantation (9-11 mth pt). 
Interestingly, spines and boutons that formed at 9 mth pt exhibited a markedly higher median 
survival (spines, >50 days not reaching 50% loss; boutons, 51 days; Fig. 14E and Fig. 15D) 
and 50% reduced relative rates of elimination (hazard ratio: spines, 0.51; boutons, 0.44; 
Fig. 14). Note that host mice were already up to 1.5 years old at that time point and that 
altered synaptic dynamics could be a result of ageing as previously observed in the normal 
brain of aged mice Grillo 2013, Mostany 2013. 
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Fig.	14.	Initial	high	turnover	and	long-term	stabilization	of	dendritic	spines	in	vivo.	(A)	Repeated	in	vivo	two-
photon	 imaging	 of	 individual	 dendrites	 at	 high	 magnification	 (z-stack	 projections).	 Examples	 of	 lost	 (red	
arrowheads),	 gained	 (green	 arrowheads)	 and	 stable	 (blue	 arrowheads)	 dendritic	 spines.	 (B)	 Early	 formed	
spines	are	dynamic,	later	formed	spines	are	stable,	as	demonstrated	by	overlaying	binary,	color-coded	images	
of	early	(left;	blue,	12	dpt;	red	17	dpt;	green	22	dpt)	and	late	(right;	blue,	34	dpt;	red,	41	dpt;	green,	48	dpt)	
time	points.	(C)	Density	of	dendritic	spines	(16	cells,	n=5	mice)	expressed	as	mean	±S.E.M	(dark	blue,	average;	
light	blue,	 individual	cells).	(D)	Turnover	(dark	blue;	sum	of	fractional	gain,	green,	and	fractional	 loss,	red)	of	
dendritic	 spines	 (16	 cells,	 n=5	 mice)	 expressed	 as	 mean	±S.E.M;	 elevated	 turnover	 until	 8	wpt	 (one-way	
repeated	 measure	 ANOVA	 4-10wpt,	 p<0.0001;	 Tukey	 post-tests).	 (E)	 Survival	 fraction	 of	 newly	 formed	
dendritic	spines	4	dpt	to	11	months	post	 transplantation.	Spines	 formed	at	early	 time	points	 (red	spectrum)	
are	more	 prone	 to	 be	 eliminated.	 Structures	 formed	 at	 9	months	 post	 transplantation	 (blue)	 have	 a	 higher	
chance	of	survival	 (2493	Spines,	n=5	mice;	p<0.00064,	Gehan-Breslow-Wilcoxon	comparison	with	Bonferroni	
correction	for	multiple	comparison).	Grey	indicates	groups	(newly	formed	structures	at	binned	time	points:	3-
4,	5-6,	7-9,	12-13,	17-19,	22-24	dpt	and	weekly	bins	between	4	to	9	wpt)	that	are	not	significantly	different.	
Scale	bars:	(A)	10	µm.	
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Fig.	15.	Initial	high	turnover	and	long-term	stabilization	of	axonal	boutons	in	vivo.	(A)	Repeated	in	vivo	two-
photon	 imaging	 of	 individual	 axons	 at	 high	 magnification	 (z-stack	 projections.	 Examples	 of	 lost	 (red	
arrowheads),	gained	(green	arrowheads)	and	stable	(blue	arrowheads)	axonal	boutons.	 (B)	Density	of	axonal	
boutons	(33	processes,	n=6	mice),	expressed	as	mean	±S.E.M	(dark	blue,	average;	light	blue,	individual	cells).	
(C)	 Turnover	 (dark	 blue;	 sum	 of	 fractional	 gain,	 green,	 and	 fractional	 loss,	 red)	 of	axonal	 boutons	
(33	processes,	 n=6	 mice),	 expressed	 as	 mean	±S.E.M;	 elevated	 turnover	 until	 8	wpt	 (one-way	 repeated	
measure	ANOVA	4-10wpt,	p<0.0001;	Tukey	post-tests).	(D)	Survival	fraction	of	newly	formed	axonal	boutons	4	
dpt	to	11	months	post	transplantation.	Boutons	formed	at	early	time	points	(red	spectrum)	are	more	prone	to	
be	 eliminated.	 Structures	 formed	 at	 9	months	 post	 transplantation	 (blue)	 have	 a	 higher	 chance	 of	 survival	
(1600	 boutons,	 n=6	 mice;	 p<0.00018,	 Gehan-Breslow-Wilcoxon	 comparison	 with	 Bonferroni	 correction	 for	
multiple	comparison).	Grey	indicates	groups	(newly	formed	structures	at	binned	time	points:	3-4,	5-6,	7-9,	12-
13,	17-19,	22-24	dpt	and	weekly	bins	between	4	to	9	wpt)	that	are	not	significantly	different.	Scale	bars:	(A)	
10	µm.	
 
5.2.5 Transplanted Neurons Process Visual Information and Adopt Tuning 
Properties Typical for L2/3 Excitatory Neurons 
Next, I investigated whether neurons transplanted into V1 were also able to take part in 
visual information processing. To this end, embryonic neurons were labelled with a red 
fluorescent structural marker (tdT) as well as the genetically encoded calcium indicator 
(GECI) GCaMP6s Chen 2013 or Twitch2B Thestrup 2014 (Fig. 17A). Host mice were presented with 
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full field gratings moving in different directions, and the responses of individual neurons were 
recorded using in vivo two-photon imaging (see 3.14.2). 
Donor cells were prepared either from cortical tissue of E18.5 Emx1-Cre x Ai9 Madisen 2010 
(Rosa-CAG-LSL-tdTomato; see 3.1) or E14.5 wild type (wt) embryos using a papain based 
dissociation system Huettner 1986 (see 3.7). Five to seven days after laser-photoactivation 
acutely dissociated Emx1-Cre x Ai9 donor cells were mixed with AAV encoding a double-
floxed inverted open reading frame version of either GECI (AAV2/1-hSyn1-flex-CGaMP6s-
WPRE-SV40 or AAV2/1-CAG-flex-Twitch2B-WPRE-SV40) and transplanted into the lesion 
site (schematic in Fig. 17B; see 3.14.2). Alternatively, E14.5 cortical cells were labelled via in 
vitro viral transduction (AAV2/1-hSyn1-flex-mRuby2-P2A-CGaMP6s-WPRE-SV40; see 3.8) 
and cells were mixed with AAV encoding Cre recombinase (AAV2/1.CamK2a-cre.WPRE) 
prior to transplantation (see 3.14.2). A cranial glass window Holtmaat 2009a was implanted on top 
of the craniotomy (see 3.9) and intrinsic optical imaging was performed to verify that grafts 
were located within the binocular zone of V1 (n=5; Fig. 8C; see 3.10). 
 
	
Fig.	16.	 Survival	 of	 newly	
formed	 dendritic	 spines	 and	
axonal	boutons.	Comparison	of	
early-formed	 spines	 and	
boutons	 with	 later	 structures	
(formed	 4	 to	 9	wpt).	 Median	
survival	 ratios	 indicate	 the	
relative	survival.	Hazard	ratios	indicate	the	relative	chance	for	structures	to	be	lost.	(A)	Early	formed	dendritic	
spines	(<12	dpt)	have	a	1.5	to	2.4	times	higher	chance	of	being	eliminated	compared	to	spines	newly	formed	4	
to	9	wpt.	Elevated	hazard	ratios	(>1.2)	up	to	24	dpt.	Spines	formed	at	9	mths	pt	have	a	high	chance	of	survival:	
While	the	median	survival	4	to	9	wpt	 is	28	days,	more	than	half	of	the	spines	formed	at	9	mths	pt	survive	at	
least	for	51	days	(blue	triangle,	arbitrary	value	as	survival	 is	>50%).	(B)	Early	formed	axonal	boutons	(<7	dpt)	
are	2	to	8	times	more	likely	to	be	eliminated	compared	to	boutons	newly	formed	4	to	9	wpt.	Boutons	formed	
at	9	mths	pt,	have	a	4	times	higher	chance	of	survival. 
 
At 4 to 15 wpt full field gratings moving in 8 directions (square wave, high contrast; 
0.04 cyc deg-1, 1.5 cyc s-1) were presented to the contralateral eye of lightly anaesthetised 
mice (see 3.14.2). Individual responsive neurons (tdT+/GECI+) were identified and repeatedly 
recorded once a week at 4 to 9 wpt and once every two weeks up to 15 wpt (Fig. 17, B 
and C; see 3.16). Neuronal activity was measured as the average change in GECI 
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fluorescence relative to baseline during visual stimulation (GCaMP6s: ΔF/F0, Twitch2B: 
ΔR/R0; see 3.16), and both, somata and individual axons were analysed (Fig. 17, C-G). 
Neurons were classified as visually responsive if the average ΔF/F0 > 3σ (GCaMP6s) or 
ΔR/R0 > 0.05 Thestrup 2014 (Twitch2B) for at least one stimulus direction. In some instances, I 
was able to record and analyse host input onto grafted neurons on the level of individual 
dendritic spines (Fig. 17, C-G and Fig. 21). 
 
	
Fig.	17.	Transplanted	neurons	 show	 tuned	 responses	 to	 visual	 stimuli.	 (A)	Embryonic	donor	 cells	were	 co-
labelled	with	Emx1-Cre	driven	 tdTomato	and	GECIs	 (GCaMP6s	or	Twitch2B,	 respectively;	delivered	via	AAV).	
(B)	Experimental	timeline.	Following	transplantation,	chronic	two-photon	calcium	imaging	was	performed	at	4	
to	 15	 wpt.	 Mice	 were	 presented	 with	 full	 field	 gratings	 moving	 in	 8	 directions.	 (C-G)	 Changes	 in	 GECI	
fluorescence	 was	 recorded	 in	 cell	 bodies	 (green	 traces),	 axons	 (blue	 traces)	 and	 dendritic	 spines	 (magenta	
traces)	 of	 transplanted	 neurons.	 (C)	 Examples	 of	 transplanted	 neurons	 (tdT+)	 also	 expressing	 GECIs.	 Single	
optical	planes,	maximum	projection	of	all	frames	of	one	stimulation	sequence.	(D)	Stimulus	evoked	changes	in	
fluorescence	 relative	 to	 baseline	 (dR/R,	 Twitch2B;	 dF/F,	GCaMP6),	 example	 traces.	 (E)	 Single	 (thin	 line)	 and	
average	responses	(thick	line)	to	repeated	stimulus	presentations,	sorted	to	the	respective	grating	orientation	
and	direction.	Grey:	stimulus	on.	(F)	Normalized	average	maximum	peak	response	at	each	direction	plotted	in	
polar	 coordinates	 for	 cells	 depicted	 in	 (C).	 (G)	 Polar	 plots	 of	 further	 example	 cells.	 Transplanted	 neurons	
display	tuning	properties	typical	for	upper	layer	pyramidal	neurons	in	V1.	Scale	bars:	(C)	5	µm.	
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Almost all observed neurons with significant changes in fluorescence (ANOVA p<0.05; 
Fig. 17D) exhibited stimulus-evoked responses (27/28 cells, n=5 mice; Fig. 17E) and the 
majority of visually responsive neurons displayed relatively sharp tuning properties (OSI >0.3 
and/or DSI >0.2; see 3.16) typical for excitatory projection neurons in upper L2/3 of adult 
V1 Sohya 2007, Neil 2008 (25/27 cells, n=5 mice; Fig. 17, F-G). Notably, almost half of the neurons 
showed strong orientation and/or direction selectivity with OSI and/or DSI >0.5 (13/27 cells, 
n=5 mice). Also, input from the host network included stimulus-driven and strongly tuned 
presynaptic cells, as measured on the level of individual dendritic spines (3/5 spines, 
n=2 mice, OSI >0.5 and DSI >0.6; Fig. 17, C-G bottom row). 
Preferred directions of transplanted neurons across all time points were spread over all 
directions, with a slight preference for cardinal versus oblique directions 
(Σ 47 vs. Σ 23 cumulative neurons across all time points; Fig. 18). A similar preference for 
cardinal directions was previously observed in young and adult mouse V1 Rochefort 2011, Kreile 2011, 
Roth 2012. 
 
	
Fig.	18.	 Direction	
preference	 of	 transplanted	
neurons	 covers	 the	 full	
range	 of	 presented	 stimuli.	
Cumulative	 absolute	
number	 of	 grafted	 neurons	
across	 imaging	 time	 points,	
sorted	 according	 to	 their	
respective	 preferred	 direction.	 Transplanted	 neurons	 are	 tuned	 to	 all	 directions,	 with	 a	 slight	
overrepresentation	of	cardinal	directions. 
 
5.2.6 Transplanted Neurons Show Binocular Responses 
At 15 wpt a subset of transplanted neurons responsive to the contralateral eye (5/10 cells, 
n=3 mice) were also subjected to stimulation of the ipsilateral eye (see 3.16). Consistent with 
grafting sites in the binocular region of V1 Dräger 1975 investigated neurons were also 
responsive to ipsilateral stimulation (Fig. 19). Neurons showed relatively sharp and 
comparable ipsi- and contralateral tuning properties (ipsilateral: OSI 0.34 ±0.030, 
DSI 0.25 ±0.070; contralateral: OSI 0.32 ±0.128, DSI 0.32 ±0.074). Note that both, divergent 
(Fig. 19A) and matching (Fig. 19B) peak preferences were observed. 
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Fig.	19.	 Transplanted	 neurons	
show	 binocular	 responses.	
Individual	 transplanted	
neurons	 respond	 to	 ipsi-	 and	
contralateral	 eye	 stimulation	
(IL	 and	 CL,	 respectively).	 Top	
row,	 polar	 plots;	 bottom	 row,	
single	 planes,	 maximum	
projection	of	all	 frames	of	one	
stimulation	 sequence.	 (A)	 Example	 cell	 recorded	 at	 the	 soma	 (dashed	 line,	 white)	 and	 (B)	example	 cell	
recorded	at	axonal	boutons	(white	arrowheads).	Scale	bars:	5	µm. 
 
5.2.7 Functional Development and Long-term Stabilization of Tuning Properties 
5.2.7.1 Early Tuning Variability Stabilizes >9 wpt 
Transplanted neurons responsive to visual stimulation exhibited some degree of orientation 
and/or direction preference as early as 5 wpt (Fig. 18, Fig. 20 and Fig. 23A). However, the 
individual preferred direction and the overall tuning profile of many repeatedly imaged 
neurons varied markedly over subsequent time points (10/14 cells, n=4 mice; Fig. 20, 
Fig. 23A and Fig. 24A), indicating ongoing functional development. 
Notably, these changes in tuning seemed not to be directed e.g. random, and occurred in 
neurons with predominant orientation but minor direction selectivity (Fig. 20B), as well as in 
strongly direction selective neurons (Fig. 20A). Also, a similar variability was recorded at 
individual spine heads (Fig. 21), again with marked changes in peak preference and tuning 
profile, indicating that the presynaptic input is variable across time points. Thus, it seems 
possible that input from the host network undergoes re-arrangement and/or changes in 
synaptic strength concurrent to the functional development of transplanted neurons. 
It is not before 9 wpt that responses of transplanted neurons finally started to stabilize, and 
from 11 to 15 wpt only very little variability in overall tuning was observed (Fig. 22) compared 
to <9 wpt (Fig. 23, A vs. B). In order to quantitatively describe the changes in tuning of 
transplanted neurons over time, the difference in preferred orientation in successive imaging 
time points was calculated for all neurons recorded without interruption, at least twice 
(14/27 cells, n=4 mice, 4-5 cells per time point; Kruskal-Wallis test, p=0.0491; see 3.16). The 
average difference in preferred orientation decreased from high initial values (∆6-7 wpt, 
56.25 ±11.25) to 40% at ∆9-11 wpt (22.5 ±22.5), until finally, no change was observed ∆13-
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15 wpt (5 cells, n=2 mice; Fig. 24A). Notably, the stabilisation of tuning closely correlated to 
the final stabilisation of spine and bouton turnover rates (8-10 wpt; Fig. 14 and Fig. 15; 
see 5.2.4). 
 
	
Fig.	20.	Tuning	properties	of	 transplanted	neurons	develop	over	 time.	 (A)	Changes	 in	 tuning	at	5	 to	9	wpt,	
measured	 from	 the	 axon	 of	 a	 direction	 selective	 transplanted	 cell	 (see	3.16).	 (B)	 Changes	 in	 tuning	 at	 7	 to	
15	wpt,	measured	 from	 the	 axon	 of	 an	 orientation	 selective	 cell.	 Top	 row	 in	 (A),	 individual	 (light	 blue)	 and	
average	(dark	blue)	stimulus	evoked	responses.	Grey:	stimulus	on;	Middle	row	in	(A)	and	top	row	in	(B),	polar	
plots	and	orientation	and	direction	selectivity	indices	(OSI/	DSI);	(A	and	B)	bottom	row,	single	plane	maximum	
projections	 of	 150	 frames	 during	 visual	 stimulation	 (white	 arrowheads	 indicate	 axonal	 boutons).	 Note	 the	
marked	changes	 in	overall	 tuning	 including	 the	preferred	direction	 (peak	 response,	max)	across	 time	points.	
Scale	bars:	(A	and	B)	5µm.	
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Fig.	21.	Transplanted	neurons	receive	stimulus	evoked	tuned	input	from	host	cells.	Top	row,	individual	(light	
magenta)	 and	 average	 (magenta)	 stimulus	 evoked	 responses	measured	 repeatedly	 from	 a	 single	 spine	 of	 a	
transplanted	 neuron	 6	 to	 11	wpt.	 Grey:	 stimulus	 on;	Middle	 row,	 polar	 plots	 and	 orientation	 and	 direction	
selectivity	 indices	 (OSI/	 DSI);	 Bottom	 row,	 single	 plane	 maximum	 projections	 of	 150	 frames	 during	 visual	
stimulation	 of	 the	 red	 (tdT)	 and	 green	 (GCaMP6s)	 channel	 (white	 arrowheads	 indicate	 spine	 heads	 of	 the	
bifurcated	spine).	Note	the	marked	changes	in	overall	tuning	including	the	preferred	direction	(peak	response,	
max)	across	time	points.	Scale	bars:	5	µm.	
	
5.2.7.2 Selectivity, Sharpness and Reliability of Responses across Time-points 
In order to describe the functional development of transplanted neurons more closely, I 
quantified their average tuning sharpness and selectivity, as well as the overall trial-to-trial 
reliability of responses between 6 and 15 wpt (see 3.16). 
From 6 to 9 wpt, when transplanted neurons exhibited marked changes in individual tuning 
preference (Fig. 20 and Fig. 24A; see 5.2.7.1), the overall orientation and direction tuning of 
new neurons sharpened considerably (27 cells, n=5 mice;  A). OSI and DSI values 
increased up to 9 wpt (6 wpt: OSI 0.25 ±0.036, DSI 0.19 ±0.050; 9 wpt: OSI 0.67 ±0.080, 
DSI 0.61 ±0.134), then decreased slightly and stabilized by 11 wpt at values previously 
reported for neurons imaged in L2/3 of adult mouse V1 Marshel 2011 (11 wpt: OSI 0.43 ±0.060, 
DSI 0.36 ±0.064; 15 wpt: OSI 0.46 ±0.083, DSI 0.32 ±0.063). In addition, a comparison of 
normalized tuning curves aligned to peak (Fig. 24C) at 6, 9 and 15 wpt (17 cells, n=4 mice; 
6-8 cells per time point; two-way ANOVA, p=0.0029, Tukey post-tests) also showed an 
Results	
	
	 75	
overall increase in tuning sharpness, as well as selectivity (6 vs. 9 wpt, p=0.0170), followed 
by subsequent stabilization (9 vs. 15 wpt, n.s.). 
 
	
Fig.	22.	Tuning	properties	stabilize	at	11	to	15	wpt.	Four	 individual	examples	of	tuning	properties	measured	
repeatedly	from	the	soma	(A	and	B)	and	axon	(C	and	D)	of	transplanted	neurons	at	11,	13	and	15	wpt.	(A	and	
C)	Top	row,	individual	(light	traces)	and	average	(dark	trace)	stimulus	evoked	responses	to	drifting	grating	in	8	
directions	(arrows),	grey:	stimulus	on.	(A	and	C)	Middle	row	and	(B	and	D)	top	row,	polar	plots	and	orientation	
and	direction	selectivity	indices	(OSI,	blue;	DSI,	red).	(A-D)	Bottom	row,	single	plane	maximum	projections	of	
150	frames	during	visual	stimulation	(white	dashed	line,	soma;	arrowheads,	axonal	boutons).	Note	the	stability	
of	the	overall	tuning	including	the	preferred	direction	(peak	response,	max)	and/or	orientation	(peak	response	
+	180°)	across	time	points.	Scale	bars:	(A-D)	5	µm. 
 
Since OSI and DSI, as ratio based indicators of tuning, do not take into account the 
distribution of responses across all tested directions, I further calculated single and double 
Gaussian fits Mazurek 2014 (Fig. 25) for the same set of cells as shown in Fig. 24B. Following the 
assumption that an ideal orientation- (Fig. 25A) or direction-tuned neuron (Fig. 25B) would 
be perfectly described by a double or single Gaussian fit, the goodness of fit (R2) served as 
a measure of tuning quality. Both, double and single Gaussian R2 increased between 6 and 
9 wpt (DG: 6 wpt 0.45 ±0.094, 9 wpt 0.79 ±0.064, p=0.0482; SG: 6 wpt 0.29 ±0.067, 
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9 wpt 0.66 ±0.099, p=0.0482; Kruskal-Wallis test, Dunn's post-tests) and stabilized thereafter 
(9 vs. 15 wpt, n.s.), further corroborating the above results (Fig. 25E, Fig. 24, A and C). 
 
	
Fig.	23.	 Early	 development	 and	 late	 stabilization	 of	 tuning.	 (A)	Example	 cell	 (same	 as	 Fig.	20A)	 exhibiting	
changes	 in	 overall	 tuning,	 displayed	 as	 2D	 tuning	 plot	 (mean	 ±S.E.M;	 two-way	 ANOVA,	 p=0.0162).	 ΔF/F	
normalized	to	max.	average	peak	amplitude	at	each	time	point	(5	-	9	wpt).	(B)	Example	cell	(same	as	Fig.	22A)	
displaying	invariable	tuning	(mean	±S.E.M;	two-way	ANOVA,	p=0.6505,	n.s.).	ΔF/F	normalized	to	max.	average	
peak	amplitude	at	each	time	point	(11	-	15	wpt). 
 
Another measure of tuning quality is the reliability of neuronal responses to the same 
stimulus direction over multiple repetitions. Therefore, I compared the average trial-to-trial 
correlation of responses during visual stimulation to the preferred direction across time-
points (Fig. 24A, dashed line; same set of neurons for both curves, 14/27 cells, n=4 mice; 
see 3.16 and 5.2.7.1). Early time-points exhibited poor reliability, with low average 
correlation coefficients (minimum at 7 wpt, 0.04 ±0.101). Correlations increased over time 
(Kruskal-Wallis test, p=0.0479) and plateaued at 9 to 15 wpt (9 wpt 0.47 ±0.089, 
15 wpt 0.48 ±0.068). Interestingly, this increase in response reliability concurred with the 
above described decrease in tuning variability at ∆9-11 wpt (Fig. 24A; see 5.2.7.1) and the 
stabilisation of synaptic turnover rates at 8-10 wpt (Fig. 14 and Fig. 15; see 5.2.4). 
In addition, for GCaMP6s cells at 6, 9 and 15 wpt (15 cells, n=3 mice; 5-7 cells per time-
point) I calculated the average co-efficient of variation (CoV). As an alternative measure of 
reliability, CoV reports the trial-to-trial variability of responses (6 wpt 1.07 ±0.111, 
9 wpt 0.78 ±0.102, 15 wpt 0.65 ±0.109; see 3.16). Complementary to the reported increase 
in reliability (Fig. 24A), the average CoV decreased over time (Kruskal-Wallis test, p=0.0379, 
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Dunn's post-tests; 6 vs. 15 wpt p=0.0489, 9 vs. 15 wpt n.s.). Note that respective changes in 
both measures, correlation coefficient and CoV, have previously been described during the 
maturation of the mammalian Ko 2014 and vertebrate Xu 2011 visual system. 
Together, the observed stabilisation of tuning, the sharpening of orientation and direction 
tuning, as well as the increase in selectivity and reliability of responses of transplanted 
neurons strongly indicate a functional maturation over the course of 2-3 months. 
 
	
Fig.	24.	 Tuning	 of	 transplanted	 neurons	 sharpens	 over	 time.	 (A)	Difference	 in	 preferred	 orientation	 (dark	
grey;	 Kruskal-Wallis	 test,	 p=0.0491)	 and	 reliability	 (mean	 trial-to-trial	 coefficient	 of	 correlation,	 light	 grey;	
Kruskal-Wallis	test,	p=0.0479)	of	neurons	recorded	at	least	at	two	subsequent	time	points	(one	or	two	weeks	
interval)	 from	 6	 to	 15	 wpt	 (mean	±S.E.M;	 14	cells,	 n=4	mice).	 Note	 the	 simultaneous	 decrease	 in	 tuning	
variability	and	increase	in	response	reliability	to	the	preferred	direction.	(B)	OSI	and	DSI	between	6	and	15	wpt	
(mean	±S.E.M;	27	cells,	n=5	mice).	(C)	Overlay	of	individual	polar	plots	(grey)	and	mean	±S.D.	(black)	at	6,	9	and	
15	wpt	(preferred	direction	aligned	to	90°,	top)	shows	overall	sharpening	of	tuning	(17	cells,	n=4	mice;	6-8	cells	
per	 time	point;	 two-way	ANOVA,	p=0.0029).	Average	peak	amplitudes	are	 constant	 (D)	 across	 imaging	 time	
points	(mean	±S.E.M;	25	GCaMP6s	cells,	n=4	mice;	Kruskal-Wallis	test,	p=0.593,	n.s.)	and	do	not	correlate	with	
specificity	(E)	OSI	(blue),	R2=0.082;	DSI	(magenta),	R2=0.151;	solid	lines,	linear	regression;	dashed	lines,	95%	CI.	
Reported	non-linearity	effects	of	calcium	indicators	Nauhaus	2011	would	predict	higher	selectivity	indices	at	lower	
average	 peak	 amplitudes.	 Note,	 it	 is	 unlikely	 that	 the	 changes	 in	 tuning	 preference	 and	 specificity	 of	
transplanted	neurons	reported	here	are	due	to	non-linearity	effects	of	the	calcium	indicators,	as	we	see	both,	
marked	changes	in	tuning	preference	(B)	at	constant	average	peak	amplitudes	(D)	across	time	points,	as	well	
as	stable	tuning	at	late	time	points	(see	Fig.	22). 
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Fig.	25.	 Orientation	 and	 direction	 selectivity	
assessed	 with	 Gaussian	 fits.	 (A)	Tuning	 curve	 of	
example	 cell	 displaying	 strong	 orientation	
selectivity	 (right,	 polar	 plot),	 fitted	 with	 a	 double	
Gaussian	 function	 (DG).	 Goodness	 of	 fit,	 R2=0.93.	
(B)	 Tuning	 curve	 displaying	 strong	 direction	
selectivity	 (right,	 polar	 plot),	 fitted	 with	 a	 single	
Gaussian	function	(SG).	Goodness	of	fit,	R2=0.95.	(C	
and	D)	Individual	DG	fits	(C)	and	SG	fits	(D)	of	17	cells	in	total	(n=4	mice)	at	6,	9	and	15	wpt.	(E	and	F)	Average	
goodness	of	fit	of	(E)	double	(DG)	and	(F)	single	(SG)	gauss	functions	(mean	±S.E.M;	17	cells,	n=4	mice;	Kruskal-
Wallis	 test,	 DG	 p=0.0100	 and	 SG	 p=0.0382;	 Dunn's	 post-tests).	 Note	 that	 the	 increase	 in	 orientation	 and	
direction	 selectivity	 assessed	 with	 Gaussian	 fits	 confirms	 the	 ratio	 based	 increase	 in	 selectivity	 (OSI/	DSI,	
Fig.	24B).	
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5.2.7.3 Non-Linearity of Calcium Indicators Is Not a Confounding Factor 
GECI fluorescence changes do not scale linearly with increases in neuronal activity, but are 
subject to threshold and saturation effects Nauhaus 2011, Chen 2013, Thestrup 2014. Dependent on the 
average amplitude, particularly measurements of tuning sharpness and selectivity, as well as 
response variability (measured as CoV) and, to a lesser extent, reliability (measured as 
correlation coefficient) are potentially affected by this non-linearity. 
In order to address this issue, I compared the average peak amplitude of all responsive 
GCaMP6s neurons from 6 to 15 wpt (25 cells, n=4 mice, Kruskal-Wallis test, p=0.593, n.s.) 
and no difference was observed across time-points (Fig. 24D). Also, peak amplitudes did not 
correlate with orientation and direction selectivity indices (OSI, R2=0.082; DSI, R2=0.151; 
Fig. 24E). Note that non-linearity effects of calcium indicators would have predicted higher 
selectivity indices at lower average peak amplitudes. Indeed, linear regression even 
revealed a slightly opposite effect (a minor positive slope). Moreover, transplanted neurons 
exhibited marked changes in tuning preference (preferred orientation and/or direction) 
despite constant average peak amplitudes between 6 and 9 wpt (Fig. 20; Fig. 24, A and D), 
as well as stable overall tuning at late time-points (Fig. 22). Together, since potential non-
linearities of the GECIs used had no effect on the tuning preferences, the functional 
development observed here is not due to confounding effects of the GECIs but rather 
reflects genuine changes in tuning of transplanted neurons over time. 
 
5.2.8 Synopsis Part II 
In summary, embryonic transplanted neurons not only survive in the host adult V1, but also 
develop mature pyramidal cell-like morphologies with elaborate and clearly distinguishable 
apical and basal dendritic arbors within 3 to 4 weeks. New neurons quickly form pre- and 
post-synaptic contacts with the host network that initially are prone to elimination, but 
stabilize at appropriate levels after a period of heightened plasticity 5 to 8 wpt. Accordingly, 
transplanted neurons undergo a comparable period of functional development, before 
assuming stable, selective and persistent tuning properties indistinguishable from 
endogenous layer 2/3 pyramidal neurons in adult V1. Therefore, adult cortical circuits retain 
the capability to integrate individual exogenous (transplanted) cells in order to structurally 
and functionally replace previously lost neurons. 
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5.3 Integration of Endogenous New Neurons after Apoptotic Photolesion? 
The results presented so far demonstrate that the adult mammalian brain is capable of 
successfully integrating new neurons derived from exogenous sources via transplantation. 
Another potential way to replace lost neurons is to exploit the brains' own capacity to 
generate new neurons. In 2000 and 2004 Macklis and colleagues reported that apoptotic 
degeneration caused the induction of new neurons in deep cortical layers of the juvenile 
mouse forebrain Magavi 2000 and motor cortex Chen 2004. Here, I investigated whether apoptotic 
photolesion of layer 2/3 CPNs in S1 and V1 of adult mice also induced the formation of new 
neurons, and whether these new neurons harbour the potential to replace lost cells. The 
synthetic thymidine analogue bromodeoxyuridine (BrdU) was used to label newly generated 
neurons in mouse lines expressing GFP in candidate progenitor populations. This 
combination allowed for in vivo two-photon imaging of potential new neurons (GFP+) 
combined with post-hoc verification by immunohistochemistry (IHC) for BrdU and the 
neuronal marker NeuN. 
 
5.3.1 NeuN+BrdU+ Neurons in Response to Apoptotic Photolesion in S1 and V1 
First, I assessed whether apoptotic photolesion of layer 2/3 CPNs in S1 and/or V1 of adult 
mice was sufficient to induce the formation of new neurons. 
Apoptotic photolesion was performed as described above (see 3.6 and 5.1.2) with minor 
modifications: Tamoxifen (TM) was administered to GLAST-creERT2 x CAG-GFP mice 
(see 3.3) in order to induce GFP expression. TM treatment was completed one week prior to 
the first surgery. Bilateral craniotomies were performed over S1 or V1, and immediately after 
the Ce6+ beads injection a cranial glass window was implanted on top of prospectively 
labelled CPNs (Fig. 26A). Subsequent laser photoactivation was performed through the 
glass window under light anaesthesia. Mice received BrdU via drinking water (see 3.11) 
starting directly after Ce6+ beads injection (-7 dpl) until 7 dpl (day 0, laser lesion). Mice were 
sacrificed at 14 dpl or 56 dpl (see 3.12.1 and 3.12.2) and their brains subjected to IHC 
(see 3.12.4). In order to quantitatively analyse the number and distribution of new (BrdU+) 
neurons (NeuN+), high-resolution image stacks were acquired with a confocal microscope 
(see 3.12.5). NeuN+BrdU+ neurons were identified (Fig. 28C; see 3.13) within (L) and outside 
(oL) the area of apoptotic photolesion in the lesion hemisphere, as well as within in the Ce6+ 
beads injection site (Inj.) in the injected hemisphere (Fig. 26D). 
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Fig.	26.	 NeuN+BrdU+	 neurons	
appear	 specifically	 in	 areas	
undergoing	 apoptotic	
photolesion.	 (A)	Experimental	
procedure	 and	 timeline.	 Ce6	
conjugated	 beads	 are	 injected	
into	 the	 homotopic	 projection	
area	 of	 V1	 or	 S1	 CPNs	
(see	Fig.	5).	 A	 glass	 window	 is	
implanted	 on	 top	 of	 V1	 or	 S1,	
and	 Ce6+	 CPNs	 are	 locally	
ablated	 in	 layer	 2/3	 via	
exposure	 to	 670	nm	 laser	 light	
(see	 Fig.	6).	 Note,	 here	 the	
laser	 illumination	 is	performed	
through	 the	 previously	
implanted	glass	window,	and	BrdU	is	administered	via	drinking	water	(red	box;	see	3.11)	for	14	days,	starting	
1	week	 prior	 to	 apoptotic	 photolesion.	 Mice	 are	 subjected	 to	 immunohistochemistry	 at	 14	dpl	 and	 8	wpl	
(arrows).	 NeuN+BrdU+	 neurons	 are	 quantified	 within	 the	 lesion	 area	 (L),	 outside	 of	 the	 lesion	 area,	 laser	
hemisphere	 (oL)	 and	 within	 the	 Ce6+	 bead	 injection	 site,	 injection	 hemisphere	 (Inj.).	 TM,	 tamoxifen.	 (B-D)	
Average	number	of	NeuN+BrdU+	cells	per	section	14	dpl	(red)	and	56	dpl	(blue).	(B)	Photolesion	to	either	S1	or	
V1	yields	similar	results	(two-way	ANOVA,	p=0.9493,	n.s.).	Experiments	are	pooled	for	statistical	analysis	in	(C).	
NeuN+BrdU+	 neurons	 are	 found	 specifically	within	 the	 area	 of	 laser	 lesion	 at	 56	dpl,	 as	 compared	 to	 out	 of	
lesion	 areas	 in	 the	 same	 hemisphere	 at	 14	and	 56	dpl.	 At	 14	dpl,	 the	 lesion	 area	 does	 not	 show	 increased	
numbers	 of	 NeuN+BrdU+	 cells,	 indicating	 that	 BrdU	 is	 not	 incorporated	 due	 to	 repair	 mechanisms	 (14	dpl,	
n=2	mice;	 56	dpl,	 n=5	mice;	 cells/	section:	 14	dpl,	 oL	0.59	±0.085,	 L	1.04	±0.710;	 56	dpl,	 oL	1.68	±0.320,	
L	6.50	±1.168;	 one-way	 ANOVA,	 p=0.012;	 Tukey	 post-tests).	 (D)	 In	 the	 injection	 hemisphere	 the	 number	 of	
NeuN+BrdU+	 neurons	 is	 not	 different	 at	 14	dpl	 compared	 to	 56	dpl	 (cells/	section:	 14	dpl,	8.41	±7.085;	
56	dpl,	2.17	±1.165;	 two-tailed	 students	 t-test,	 p=0.4758,	 n.s.).	 The	 immediate	 high	 number	 of	 NeuN+BrdU+	
cells	and	the	tendency	to	decrease	with	time	are	consistent	with	reported	DNA	repair	after	injury	Taupin	2007. 
 
Photolesion to either S1 (n=4 mice) or V1 (n=3 mice) yielded a similar distribution of 
NeuN+BrdU+ neurons across time-points and areas (two-way ANOVA, p=0.9493, n.s.), and 
results were pooled for further analysis (Fig. 26, B to C). NeuN+BrdU+ neurons were found 
specifically within the area of the photolytic lesion at 56 dpl, as compared to out of lesion 
areas in the same hemisphere at 14 and 56 dpl (Fig. 26C). Also, at 14 dpl the lesion area did 
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not harbour increased numbers of NeuN+BrdU+ cells, indicating that BrdU was not 
incorporated due to repair mechanisms by mature neurons damaged (but not killed) by laser 
photoactivation (14 dpl, n=2 mice; 56 dpl, n=5 mice; cells/ section: 14 dpl, oL 0.59 ±0.085, 
L 1.04 ±0.710; 56 dpl, oL 1.68 ±0.320, L 6.50 ±1.168; one-way ANOVA, p=0.012; Tukey 
post-tests). 
In contrast, in the injected hemisphere the number of NeuN+BrdU+ neurons was already 
elevated at 14 dpl and did not further increase with time (cells/section: 14 dpl, 8.41 ±7.085; 
56 dpl, 2.17 ±1.165; two-tailed students t-test, p=0.4758, n.s.), but rather showed a tendency 
to decrease at 56 dpl (Fig. 26D). Both, the initial high number of BrdU labelled neurons, as 
well as the drop over time is indicative for DNA repair after injury Taupin 2007. 
In summary, apoptotic photolesion to a subclass of layer 2/3 projection neurons in S1 and 
V1 seems to induce the formation of new neurons, as previously reported for deep cortical 
layers in the mouse forebrain Magavi 2000, Chen 2004. 
 
5.3.2 NeuN+BrdU+ Neurons Are Not Labelled in the GLAST-creERT2 Driver Line 
In order to follow the integration of endogenously generated new neurons and to compare 
their development and maturation with data obtained from exogenous (transplanted) 
neurons, NeuN+BrdU+ cells require an in vivo fluorescence label. Since the origin of new 
cortical neurons induced by apoptotic photolesion has not been identified to date Brill 2009, 
Sohur 2012, a mouse line expressing GFP in a broad range of candidate progenitors was used. 
The GLAST-creERT2 driver line Mori 2006 labels cells of the astroglial lineage, including radial 
glia and radial glia-like progenitors, in a tamoxifen (TM) inducible, cre-dependent manner. 
Cre recombination is induced upon TM binding to the modified human oestrogen receptor 
ligand binding domain ERT2 and subsequent creERT2 translocation to the nucleus Feil 1996, 
Feil 1997, Indra 1999. 
The GLAST-creERT2 driver line was crossed to the CAG-GFP reporter Nakamura 2006 (Fig. 27A; 
see 3.1) and TM induction was performed as described in 3.3 Intrinsic GFP label was 
intensified by post-hoc IHC using fluorescein-conjugated (FITC) secondary antibodies to 
GFP binding primary antibodies (see 3.12.4). 
Four weeks after TM induction GFP+ cells were clearly visible lining the wall of the lateral 
ventricle (LV) including the subventricular zone (SVZ; Fig. 27B, left). In addition, GFP+ cells 
with mature astrocyte morphology were found in the cerebral cortex (Fig. 27B, right) and 
diencephalon, amongst other regions. Also, immature, doublecortin (Dcx) positive neuronal 
progenitors migrating in the corpus callosum (Cc) were labelled in GLAST-creERT2 x CAG-
GFP mice (Fig. 27C). The fraction of mature S100ß+ cortical astrocytes co-labelled with GFP 
was determined in order to assess the recombination efficiency. An average of 
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13.86 ±3.737% of cells (n=9 mice) were found to be S100ß+GFP+. Taken together, lesion-
induced NeuN+BrdU+ neurons would also express GFP in GLAST-creERT2 x CAG-GFP 
mice, if they were derived from neural stem cells in the SVZ, already migrating neuronal 
progenitors in the Cc, reactive astrocytes, or resting parenchymal progenitors in the cortex. 
 
	
Fig.	27.	GLAST-creERT2	labels	 local	progenitors	 in	the	subventricular	zone,	migrating	neurons	in	the	corpus	
callosum	 and	 cortical	 astrocytes.	 (A)	GLAST-creERT2	 mice	 are	 crossed	 to	 a	 GFP	 reporter	 line	 (CAG-GFP).	
(B)	Left,	GFP+	cells	are	found	in	the	vicinity	of	the	lateral	ventricle	(LV),	in	the	subventricular	zone	(SVZ),	white	
arrowheads.	 Right,	 GFP+	 cortical	 astrocytes	 (white	 arrowheads).	 (C)	Doublecortin	 (Dcx)	 positive	 strings	 of	
migrating	neurons	in	the	corpus	callosum	(Cc)	are	GFP+.	Scale	bars:	(B)	100	µm;	(C)	30	µm. 
 
Apoptotic photolesion, as well as TM and BrdU administration were performed as described 
above (Fig. 28A; see 5.3.1) in S1 (n=3) and V1 (n=3). Mice were sacrificed at 8 wpl and 
subjected to IHC for NeuN, BrdU and GFP (see 3.12). Serial coronal sections of S1 
(Bregma 2 to -2) and V1 (Bregma -2.5 to -4.5) were screened for GFP+ neurons (NeuN+) that 
were also BrdU+ (see 3.13) Individual sections that contained potential GFP+NeuN+BrdU+ 
cells were subsequently subjected to confocal microscopy (see 3.12.5). 
In a total of 6 mice, not a single triple positive neuron was found. While GFP+ neurons 
(NeuN+) with clear neuronal morphology were observed in both, S1 and V1, all of them were 
negative for BrdU (Fig. 28B). On the other hand, all observed NeuN+BrdU+ neurons, also 
investigated for the quantification presented in Fig. 26 and 5.3.1, were found to be GFP 
negative (Fig. 28C). 
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Fig.	28.	 GFP+BrdU–	 and	 GFP–
BrdU+	neurons	after	apoptotic	
photolesion.	 (A)	Experimental	
procedure	 and	 timeline	 (as	 in	
Fig.	26).	 Mice	 were	 subjected	
to	 immunohistochemistry	 at	
8	wpl	 (arrow;	 see	B	 and	C).	
(B)	GFP+NeuN+	 neurons	 are	
BrdU–	 (white	 arrowheads).	
Left,	maximum	 projection	 of	 a	
confocal	 z-stack.	 Right,	 single	
optical	 section,	 4	individual	
channels,	 of	 inset	 left	 (dashed	
line,	 white).	 Red	 arrowhead	
indicates	 an	 example	 cell	 that	
is	 BrdU+	 but	NeuN–GFP–	 in	 the	
vicinity.	 (C)	 NeuN+BrdU+	
neurons	 are	 GFP–	 (red	
arrowheads).	 Left,	 maximum	
projection	 of	 a	 confocal	 z-
stack.	 Right,	 magnification	 of	
insets	 1	 and	 2	 (dashed	 line,	
white)	 left,	 indicating	 2	
NeuN+BrdU+	 neurons	
(maximum	projections	 and	 single	optical	 sections,	 4	individual	 channels).	 Scale	bars:	 (B	 and	C)	 Left,	100	µm;	
insets,	10	µm. 
 
Assuming that GFP+BrdU– neurons and NeuN+BrdU+ cells are derived from the same 
population of progenitors, it is conceivable that BrdU is administered too early relative to the 
GFP induction by TM treatment. Consequently, I systematically delayed the timing of the 
standard BrdU protocol by one week (Fig. 29, protocol III. and IV.), to span 0 to 14 dpl (III.) 
and 7 to 21 dpl (IV.), respectively. Alternatively, GFP+BrdU– and NeuN+BrdU+ neurons could 
be derived from different populations of progenitors, and proliferation of GFP+BrdU– neurons 
predates standard BrdU treatment. To test for this possibility, BrdU administration was 
systematically shifted closer to GFP induction (Fig. 29, protocol I. and II.), spanning from the 
start of the TM treatment to the Ce6+ beads injection (I.), and from the end of TM treatment 
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to the photolytic lesion (II.), respectively. In a total of 4 mice (n=1 per condition) spanning the 
time window of -3 wpl to +3 wpl not a single GFP+NeuN+BrdU+ neuron was found in serial 
sections spanning the entire lesion area (a total of 4 to 5 mm in anterior-posterior axis per 
mouse). 
	
Fig.	29.	GFP+	neurons	are	not	born	within	a	 time	window	spanning	3	weeks	prior	 to	3	weeks	post	 lesion.	
Alternative	BrdU	protocols	 (red	boxes)	 I,	 II,	 III	 and	 IV	 (standard	protocol,	grey	box).	Each	 individual	protocol	
spans	 14	 days	 of	 BrdU	 administration	 via	 drinking	 water	 (see	3.11).	 Protocol	 I.	 starts	 simultaneously	 with	
tamoxifen-mediated	induction	(TM,	green	box)	of	GFP	expression	and	IV.	ends	+3	wpl.	No	GFP+BrdU+	neuron	
(NeuN+)	was	observed	in	any	regime	(n=4	mice,	protocol	I.	to	IV;	n=10	mice,	standard	protocol). 
 
Taken together, lesion induced NeuN+BrdU+ neurons could not be labelled using the 
GLAST-creERT2 x CAG-GFP mouse line, strongly indicating that this population of new 
neurons is not derived from an astroglial lineage. However, a population of GFP+ neurons 
(NeuN+) that could not be labelled with BrdU -3 to +3 wpl was observed. It might be possible 
that apoptotic photolesion induces a heterogenic population of new neurons. Note that both, 
NeuN+BrdU+ and GFP+BrdU– neurons seemed to be equally induced in either S1 or V1, 
despite V1's considerably greater distance from the SVZ compared to S1. 
 
5.3.3 GFP+BrdU– Neurons in Response to Apoptotic Photolesion in S1 and V1 
In order to test whether GFP+BrdU– neurons were specifically induced in response to 
apoptotic photolesion, a series of control experiments was conducted (Fig. 30A): Photolesion 
in sham induced GLAST-creERT2 x CAG-GFP mice (n=2 mice; corn oil without TM, 
w/o TM); TM induced mice without lesion (n=6 mice; w/o Lesion); laser illumination of CPNs 
labelled with unconjugated beads (n=2 mice; w/o Ce6); Ce6+ beads injection without laser 
illumination (n=2 mice; w/o Laser). Mice were sacrificed at 8 wpl (or equivalent) and 
subjected to IHC for NeuN, GFP and BrdU (see 3.12). Serial coronal sections of S1 and/or 
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V1 (see 3.12.2) were screened for GFP+ neurons (NeuN+; see 3.13), results were pooled 
and compared to mice that had undergone a photolytic lesion (n=10 mice; see 5.3.2). 
 
	
Fig.	30.	 GFP+BrdU–	 neurons	
appear	 specifically	 in	 areas	
undergoing	 apoptotic	
photolesion.	 (A)	 Table	 indicating	
the	type	of	control	experiment;	X	
marks	 the	 individual	 procedure	
applied	 (latex	 bead	 injection,	
Beads;	 beads	 conjugated	 to	 Ce6,	
Ce6;	 laser	 illumination,	 Laser).	
Mice	 received	 either	 TM	
induction	or	sham	induction	with	
corn	oil	and	both,	S1	and	V1	were	
investigated	 for	 each	 type.	 Note	
that	 n	 indicates	 individual	 mice	
and	areas,	 except	 for	 the	 control	
w/o	 lesion	 (TM	 induced	 mice	
without	 beads,	 Ce6	 and	 laser)	
were	 n	 equals	 12	 areas	 out	 of	 6	
mice	 (both,	 S1	 and	 V1	 per	 mouse).	 (B)	 Schematic,	 distribution	 of	 GFP+BrdU–	 neurons	 (NeuN+,	 green	
arrowheads)	at	the	lesion	site	(V1)	of	one	example	mouse	overlaid	on	the	outline	of	a	reference	section.	Blue,	
glass	window	held	in	place	by	dental	cement	(grey).	Some	GFP+BrdU–	neurons	were	occasionally	observed	in	
the	 perirhinal	 cortex	 and	 amygdala,	 (light	 red	 arrowheads).	 (C)	 Average	 number	 of	 GFP+BrdU–	 neurons	 per	
mouse	 and	 area.	 Increased	 numbers	 of	 GFP+BrdU–	 neurons	 are	 detected	 in	 areas	 undergoing	 photolesion	
(green	bar,	S1	and	V1	pooled,	n=10	mice;	10.15	±5.346	cells;	Kruskal-Wallis	test,	p=0.0079;	Dunn´s	post-test)	
as	compared	to	controls	(red	bars). 
 
Increased numbers of GFP+BrdU– neurons were detected in and adjacent to areas of the 
photolytic lesion (Fig. 30, B and C) compared to control conditions (mean number of 
GFP+NeuN+BrdU– cells per mouse and area: Lesion 10.15 ±5.346, w/o TM 0.00 ±0.000, 
w/o Lesion 1.08 ±0.583, w/o Ce6 1.00 ±1.000, w/o Laser 3.50 ±0.500; Kruskal-Wallis test, 
p=0.0079; Dunn's post-test). No spontaneous recombination (GFP+ neurons without TM 
induction) could be detected even in the presence of the photolytic lesion, and only a small 
number of neurons was labelled in native mice after TM induction, consistent with previous 
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reports Mori 2006. Both, laser illumination and Ce6+ beads alone (w/o Laser, w/o Ce6) showed 
similar low levels of GFP+ neurons, which may reflect the same resident population as in TM 
induced native mice. Note that occasionally GFP+ neurons were also observed in the 
perirhinal cortex and amygdala (Fig. 30B) in both, control and experimental animals, but 
were not included in the analysis. These results indicate that GFP+BrdU– neurons appear 
predominantly in areas undergoing photolytic lesion. 
 
5.3.4 GFP+BrdU– Neurons Are Not Derived from Local Progenitors 
Since GFP+ neurons could not be labelled with BrdU -3 to +3 wpl, it is possible that the 
photolytic lesion does not induce GFP+ progenitor cell proliferation, but the migration and/or 
differentiation of resident progenitors derived from e.g. the local parenchyma Götz 2015 or the 
corpus callosum Agathou 2013. Using chronic in vivo two-photon imaging, I observed the fate of 
all GFP+ resident cells in, as well as any labelled cells migrating into, a volume of up to 
0.8 mm3 of V1 after a photolytic lesion in GLAST-creERT2 x CAG-GFP mice. Note that in 
the GLAST-creERT2 x CAG-GFP mouse line cells of the astroglial lineage, including radial 
glia-like progenitors in the SVZ, potential progenitors in the parenchyma, as well as mature 
quiescent astrocytes Mori 2006 express GFP upon TM induction. 
Photolesion, TM treatment and BrdU administration were performed as described in 5.3.1 
(Fig. 31A; see 3.3, 3.6 and 3.11). Mice were subjected to in vivo two-photon imaging 
immediately after laser photoactivation (0 dpl) and weekly thereafter up to 8 wpl. In each 
session a high-resolution tiled volume stack with a field of view of 2.3 to 2.7 mm2 in total 
(0.49 µm/pixel) was acquired up to a depth of 300 µm from the pial surface (1 µm z-steps; 
Fig. 31B and see 3.14.1). Each individual GFP+ cell was identified at 0 dpl and matched 
across time-points (>2650 cells, n=4 mice; see 3.15). Based on their morphology, GFP+ cells 
were classified as quiescent bushy astrocytes, neurons and putative neurons (cells of 
undefined morphology). New, lost and migrating cells were identified based on their relative 
location to invariable GFP+ bushy astrocytes (Fig. 31D). At 8 wpl mice were sacrificed and 
subjected to IHC for NeuN, BrdU and GFP (see 3.12). 
Overall, GFP+ cells were extremely stable, with less than 1% average gain and loss of cells 
(Fig. 31C). Occasionally, labelled cells with undefined morphology (neither typical astrocytic, 
nor typical neuronal) were observed that seemed to undergo multiple rounds of cell division, 
cell loss and some migration across time-points (Fig. 31D). This population showed a trend 
towards increased numbers at 8 wpl compared to 0 dpl (n=4 mice, cells/ mouse, 
8 wpl 33.00 ±16.620, 0 dpl 11.50 ±0.646; paired one-tailed t-test, p=0.139, n.s.; Fig. 32B), 
but none of these cells did develop into clearly identifiable neurons. Moreover, post-hoc IHC 
revealed that this group of cells did not express the neuronal marker NeuN (Fig. 31E). 
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Fig.	31.	 GFP+BrdU–	 neurons	 are	 not	 derived	 from	 GLAST+	 local	 or	migrating	 progenitors.	 (A)	 Experimental	
procedure.	Mice	were	subjected	to	in	vivo	two-photon	microscopy	at	weekly	intervals	(arrows),	starting	after	
laser	photoactivation	(0	dpl).	All	individual	cells	within	a	volume	of	0.7	to	0.8	mm3	were	followed	up	to	8	wpl.	
Mice	were	 subsequently	 subjected	 to	 immunohistochemistry	 (IHC)	 and	 co-stained	 for	GFP,	NeuN	and	BrdU.	
(B)	Overlay	of	 visual	 stimulus	evoked	 intrinsic	optical	 signal	 (colour	 coded	 in	 green;	 see	3.10)	 and	 the	blood	
vessel	 pattern	 through	 a	 cranial	 glass	window	 above	 V1.	 Blue	 grid,	 total	maximum	area	 repeatedly	 imaged	
with	 in	vivo	two-photon	microscopy,	covering	V1.	Small	squares,	individual	high-resolution	z-stacks,	recorded	
in	3x3	tiles	(light	blue	square,	760	µm	x	760	µm	x	300	µm	depth).	(C)	Maximum	projection	of	the	total	volume	
imaged	in	vivo	at	56	dpl.	Dashed	circles,	location	of	GFP+	cells	without	typical	astrocyte	morphology	identified	
in	previous	imaging	sessions	(blue),	newly	appearing	(green)	or	lost	(red).	(D)	Two	GFP+	cells	(blue	arrowheads)	
without	 typical	 astrocyte	 morphology	 undergoing	 multiple	 rounds	 of	 cell	 division	 at	 7	 to	 67	dpl.	 Green	
arrowheads,	 new	 cells;	 filled	 and	 open	 red	 arrowheads,	 cells	 lost	 at	 subsequent	 time-point.	 Note	 the	
invariability	of	bushy	astrocytes.	(E)	IHC	at	8	wpl.	GFP+	cells	without	typical	astrocyte	morphology	(arrowheads,	
white)	 are	 not	 neurons,	 do	 not	 express	 NeuN	 (open	white	 arrowheads)	 and	 do	 not	 give	 rise	 to	 GFP+BrdU–	
neurons.	 Green	 arrowhead,	 bushy	 astrocyte	 in	 the	 vicinity.	 Scale	 bars:	 (B)	760	µm;	 (C)	100	µm;	 (D)	50	µm;	
(E)	30	µm.	
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GFP+ neurons exhibited a similar trend of increased numbers at 8 wpl compared to 0 dpl 
(cells/ mouse, 8 wpl 5.50 ±4.518, 0 dpl 1.50 ±0.646; paired one-tailed t-test, p=0.196, n.s.; 
Fig. 32B). Surprisingly, however, fully developed new neurons with elaborate dendritic 
arbors generally appeared within 7 dpl (Fig. 32A), without identifiable progenitors or other 
parent cells. No morphological development could be observed thereafter and, as before 
(see 5.3.2), no GFP+ neuron stained positive for BrdU. In addition, the appearance of new 
neurons was highly variable between animals, ranging from 1 to 29 cells per mouse. 
Notably, mice that displayed reactive astrocytes after the lesion (Fig. 32A, left), exhibited a 
higher number of new GFP+ neurons at 7 dpl. 
 
	
Fig.	32.	GFP+BrdU–	neurons	appear	spontaneously	without	prior	development.	(A)	In	vivo	two-photon	z-stack	
projections	 at	 0	 and	 7	dpl.	 Three	 example	 GFP+BrdU–	 neurons	 (green	 arrowheads)	 appear	 within	 7	days	
without	 identifiable	progenitors	or	other	parent	cells.	 (B)	Quantification	of	 in	vivo	 two-photon	 imaging	0	dpl	
to	8wpl.	 Average	 number	 of	 GFP+	 cells	without	 typical	 astrocyte	morphology	 (blue)	 and	 neurons	 (green)	 at	
0	dpl	 (d0)	 and	 8	wpl	 (8w).	 Both	 populations	 show	 a	 trend	 towards	 increased	 numbers	 at	 8	wpl	 (n=4	mice,	
paired	t-test;	neurons	p=0.391,	non-neuronal	cells	p=0.278;	n.s.).	Scale	bar:	(A)	100	µm. 
Taken together, GFP+ non-neuronal cells could be followed through mitosis and 
development across all time-points, but never gave rise to a morphologically mature, NeuN+ 
neuron. GFP+ new neurons, on the other hand, appeared spontaneously without identifiable 
progenitors and did not exhibit morphological development >7 dpl. Combined with the 
absence of BrdU labelling, it is very unlikely that new neurons are derived from local or 
distant progenitors. Thus, GFP+BrdU– neurons are very unlikely to constitute an additional, 
induced population of new neurons after photolytic lesion. Their predominant appearance in 
and adjacent to the lesioned region may reflect spontaneous creERT2 recombinase 
translocation to the nucleus in the presence of cellular stress, not unlike the heat shock 
transcription factor 1 (Hsf1) in a physiological stress response Zou 1998, Hahn 2004, Neudegger 2016 (see 
6.3.2). 
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5.3.5 NeuN+BrdU+ Neurons Are Not Derived from Oligodendrocyte Precursors 
Since NeuN+BrdU+ neurons could not be labelled using the GLAST-creERT2 x CAG-GFP 
mouse line and thus, seem not to be derived from astroglial progenitors, I next tested the 
possibility that induced new neurons originate from the oligodendroglial lineage. In the CNS 
the SOX10-creERT2 Simon 2012 driver line labels glutathione S-transferase Pi (GST-π) and 
neuron-glia antigen 2 positive (NG2) mature oligodendrocytes and oligodendrocyte 
progenitor cells (OPCs), respectively, in a TM inducible cre-dependent manner (see 5.3.2). 
Especially NG2+ OPCs have previously been implicated as potential multipotent progenitors 
in vitro Belachew 2003 and in vivo Aguirre 2004, Rivers 2008, as well as in the injured brain Boda 2010, 
Simon 2011, Heinrich 2014. 
The SOX10-creERT2 driver line was crossed to the CAG-GFP reporter Nakamura 2006 (Fig. 33A; 
see 3.1). Photolesion, TM induction and BrdU administration were performed as described in 
5.3.1 (see also 3.3, 3.6 and 3.11). Mice were sacrificed at 8 wpl and subjected to IHC for 
GFP, BrdU, NeuN and NG2 (see 3.12). Serial coronal sections were screened for GFP+ 
neurons (NeuN+; see 3.13) and potential co-labelling with BrdU. 
 
	
Fig.	33.	 NeuN+BrdU+	 neurons	
are	 not	 derived	 from	
oligodendrocyte	 precursors.	
(A)	SOX10-creERT2	 driver	 line	
was	 crossed	 to	 a	GFP	 reporter	
mouse	 (CAG-GFP)	 in	 order	 to	
label	 oligodendrocyte	
precursor	 cells.	
(B)	Immunolabelling	 of	 NG2+	
cells	 within	 the	 SOX10-
creERT2	x	CAG-GFP	mouse	line.	
(C)	Left,	immunohistochemistry	
8	wpl	 reveals	 GFP+	 neurons	
(NeuN+,	white	arrowhead)	that	
are	BrdU–	(open	white	arrowhead).	Schematic	right,	distribution	of	GFP+BrdU–	neurons	(green	arrowheads)	of	
one	example	mouse	overlaid	on	to	the	outline	of	a	reference	coronal	section.	Blue,	glass	window	held	in	place	
by	dental	cement	(grey);	Red	tip,	Ce6+	beads	filled	injection	capillary.	Scale	bars:	(B)	100	µm.	(C)	50	µm. 
 
Functional	Integration	of	New	Neurons	into	Adult	Cortical	Circuits	
	
	 92	
In order to approximate the recombination efficiency, the fraction of GFP labelled NG2+ cells 
was determined. On average 79.52 ±4.173% of NG2+ cells (n=2 mice) were also GFP+ 
(Fig. 33B). In both mice, GFP+ neurons (NeuN+) were frequently observed 
(~50 to 100 GFP+NeuN+ cells per area per mouse; Fig. 33C), however, not a single GFP+ 
neuron was found that co-stained for BrdU. In contrast to GLAST-creERT2 x CAG-GFP 
mice, labelled neurons were not enriched in and adjacent to the lesion site, but equally 
dispersed throughout both cortical hemispheres (Fig. 33C, right). GFP+BrdU– neurons thus 
likely represented the previously described fraction of labelled neurons in strongly TM 
induced SOX10-creERT2 x CAG-GFP mice Simon 2012. 
Taken together, photolytically induced NeuN+BrdU+ neurons could not be labelled using the 
SOX10-creERT2 driver line. It is therefore unlikely that this population of new neurons 
originates from NG2+ OPCs or more mature SOX10+ oligodendrocytes. 
 
5.3.6 Synopsis Part III 
In summary, photolytic lesion of a spatially restricted fraction of layer 2/3 projection neurons 
in both, S1 and V1, seems to induce a similar formation of NeuN+BrdU+ neurons as 
previously reported for deep layers of the mouse forebrain. However, neither the GLAST-
creERT2 nor the SOX10-creERT2 driver line succeeded in co-labelling these new neurons 
with GFP, indicating that induced new neurons are not derived from an astroglial or the 
predominant NG2+/SOX10+ oligodendroglial lineage. GFP+ neurons observed in and 
adjacent to lesion areas are BrdU– and not derived via differentiation of local resting 
progenitors - they likely constitute cells of stress induced unspecific GFP expression. Finally, 
the origin of photolytically induced NeuN+BrdU+ neurons remains to be elucidated in 
subsequent studies. 
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6 Discussion 
Of all mammalian tissues, the brain is the most limited in its capacity for self-renewal and 
regeneration. As a result, brain injuries or disease almost always involve irreversible damage 
and impairment of brain function, often accompanied by cell loss Gorman 2008. Emerging 
strategies to overcome neuronal loss due to injury or disease include the replacement of lost 
cells with new neurons or progenitor cells from endogenous Bazarek 2014 or exogenous 
sources Lindvall 2000. Improvements and/or alleviation of symptoms have been described for 
instance in humans with Parkinson's disease after transplantation of fetal dopaminergic 
neurons into the striatum Piccini 2000, Barker 2013, in epileptic mice after transplantation of inhibitory 
neurons into the hippocampus Hunt 2013, Cunningham 2014, and in obese leptin receptor deficient 
mice after transplantation of wild type hypothalamic neurons into the medial 
hypothalamus Czupryn 2011. While these reports are encouraging, direct evidence for the 
functional integration of individual new neurons into the respective target circuit in vivo 
remains elusive. Also, it is still under debate, whether behavioural improvements are due to 
genuine reconstitution of damaged circuits or predominantly due to the trophic Chiba 2003, 
neuroprotective Chiba 2003, Aharonowiz 2008, or immunomodulatory effects Krampera 2006, Aharonowiz 2008 of 
transplanted cells Thompson 2015. 
Loss of excitatory neurons in the neocortex seems especially critical since their primary 
function is the correct spatio-temporal integration of thousands of presynaptic inputs from a 
multitude of cortical and sub-cortical areas Yoshimura 2005, Spruston 2008, Brown 2009, a process crucial 
for sensory information processing, interaction with the environment and ultimately, abstract 
thinking Elston 2003. Notably, while the early postnatal and juvenile cortex exhibits some 
capacity to compensate for functional deficits, plasticity in the adult is limited. It is therefore 
of particular interest to investigate, whether i) adult neocortical circuits retain the capacity to 
replace lost excitatory neurons with induced or introduced new neurons and ii) new neurons 
are capable of surviving, differentiating and adopting a meaningful function within the context 
of their target network. 
In this thesis I provide direct evidence for the successful structural and functional integration 
of individual transplanted cells into the adult primary visual cortex locally deprived of 
layer 2/3 projection neurons by a photolytic lesion. New neurons not only survive but develop 
mature pyramidal cell-like morphologies, form stable reciprocal synaptic contacts with the 
host network, and eventually adopt tuning preferences indistinguishable from adult layer 2/3 
neurons in response to visual stimuli. Once assimilated into the host network, new neurons 
remain an integral part of target circuits most likely for the rest of the animal’s life. 
I found reported lesion-induced endogenous neurons Magavi 2000, Chen 2004 to be scarce. Also, 
their origin remains elusive. While small numbers of new neurons were identified based on 
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their incorporation of the thymidine analogue Bromodeoxyuridine (BrdU), neither astrocytic 
nor oligodendrocytic lineage tracing was able to substantiate evidence for either origin. 
Further studies are required to shed light on this elusive pool of endogenous progenitors and 
to identify their potential to contribute to circuit repair. In any case it seems conceivable that 
the circuit integration of potential endogenous cells could equal exogenous new neurons in 
quality, albeit not in quantity. 
Taken together, I have shown that new neurons are readily assimilated into adult cortical 
circuits subjected to injury or disease, at least when a sufficient part of the host network is 
still intact. This proof of principle study offers encouraging results for cell replacement 
therapies and substantiates the feasibility of brain circuit restoration. 
 
6.1 Apoptotic Laser Photolesion 
In order to assess the quality and extent of transplanted neurons' capacity to restore 
damaged brain circuits, it was first necessary to establish a reliable, reproducible and well 
characterized lesion model in a target circuit suited for the investigation of the structural and 
functional integration of new cells. 
Since true circuit restoration requires new neurons to physically replace and adopt the 
properties of previously lost cells, an ideal lesion model would allow for the targeted ablation 
of a homogenous population - preferably even a single cell type - within a spatially confined 
area of reproducible dimensions. If such a lesion is subsequently targeted at a population or 
cell type that exhibits distinct morphological and/ or functional features, respective features 
should also become apparent in new cells once they have successfully integrated. 
 
6.1.1 Targeting Layer 2/3 Projection Neurons in V1 
One strategy to target neuronal subpopulations for specific and spatially confined ablation 
was already proposed in the early nineties by Jeffrey Macklis and Roger Madison Madison 1993. 
They took advantage of the photolytic chromophore chlorin e6 (Ce6) coupled to latex based 
nanospheres Madison 1990 to target projection neurons in the motor Madison 1993 (M1) and 
somatosensory Hernit-Grant 1996 (S1) cortex. Coupled nanospheres are taken up by axonal 
processes and retrogradely transported to the cell soma, where the otherwise inert Ce6 can 
be activated to produce reactive oxygen species (ROS) by exposure to near infrared laser 
light. The rise of intracellular ROS subsequently causes slow progressive cell death by a 
process reminiscent of apoptosis Sheen 1992, Sheen 1994. 
In the first part of my thesis I adopted this photolytic lesion paradigm in order to specifically 
eliminate a spatially restricted population of layer 2/3 (L2/3) pyramidal cells in the primary 
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visual cortex (V1) of adult mice. L2/3 neurons in V1 possess the typical morphological 
characteristics of pyramidal cells Miller 1981a, Miller 1981b and both, densities and dynamics of 
pre Stettler 2006 and post-synaptic Holtmaat 2005, Hofer 2009 local connections have been well 
characterized. As a main integration site of visual inputs Hubel 1962, Dräger 1975, Niell 2008, Marshel 2011, 
they have also been extensively studied on a functional level. Specifically, key receptive field 
properties, such as stimulus location in visual space and orientation and/ or direction 
selectivity to moving bars, are encoded at the level of individual L2/3 pyramidal neurons. 
Though, from a molecular perspective, L2/3 pyramidal cells do not constitute a homogenous 
population Tasic 2016, they do share their common typical morphology and to date, no L2/3 
subgroups based on numbers or stability of local synaptic connections have been described. 
Functionally, individual V1 L2/3 pyramidal cells share a distinct preference for one 
orientation and/ or direction over others, which renders them orientation and/or direction 
selective. On a population level this selectivity distributes characteristically across stimulus 
space Dräger 1975 and the average degree of selectivity for orientation and/ or direction is 
distinct from both, other layers and areas Neill 2008, Marshel 2011. Also, the anatomical salt and 
pepper distribution of preferences in rodents Ohki 2005, Espinosa 2012 renders the sampling of a 
local neuronal subpopulation representative of V1 L2/3 in general. Thus, V1 L2/3 neurons 
constitute a suitably distinct population of sufficient homogeneity for specific ablation and 
subsequent targeted circuit reconstruction. 
I targeted the photolytic lesion to the lateral border of V1, the binocular zone Dräger 1975, 
Dräger 1978. This area receives input from both eyes via the lateral geniculate nucleus (LGN) 
and exhibits extensive cortico-cortical connections between homotopic sites on either 
hemisphere, rendering >70% of neurons binocularly responsive - dependent on species and 
demarcation of the binocular zone Diao 1983, Dräger 1978, Lepore 1992, Pietrasanta 2012, Dehmel 2014. Callosal 
projection neurons (CPNs) in L2/3 were targeted for photolytic ablation by injecting Ce6 
coupled nanobeads across the anterior-posterior axis of the contralateral binocular zone. 
Consistent with previous reports Cusick 1981, Rhoades 1984, Olavarria 1984, Hübener 1988, Fame 2011 retrogradely 
labelled Ce6+ CPNs were predominantly located in L2/3 and layer 5 (L5). In order to restrict 
the photolytic ablation to L2/3, I systematically varied laser intensities and exposure times at 
a fixed subcortical focal point. Exposure to 350 J/cm2 led to robust TdT-mediated dUTP nick 
end labelling (TUNEL) of 3' OH chromatin ends Gavrieli 1992, Nagata 2003, indicating apoptotic cell 
death, spanning the entire L2/3 without affecting deeper layers. 
In addition, targeting cortical L2/3 for circuit reconstruction offers the unique possibility for 
chronic in vivo observation of the complete repair process within the same animal at single 
cell resolution - an enterprise that so far has not been achieved. To this end, I implanted a 
chronic glass window Holtmaat 2009a on top of the photolytic lesion site and used repeated in vivo 
two-photon laser scanning microscopy to follow individual new neurons during circuit 
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integration. Chronic window implants have extensively been used in order to study the 
structure Holtmaat 2005, Hofer 2009, De Paola 2006, Stettler 2006 and function Tian 2009, Keller 2012, Margolis 2012, 
Andermann 2013, Chen 2013, Smith 2015, Rose 2016 of cortical circuits for periods of several days and weeks. 
Combined with genetic strategies to label exogenous Gorski 2002, Nakamura 2006, Madisen 2010, Chen 2013, 
Thestrup 2014 or endogenous Mori 2006, Simon 2012 new neurons, I was able to identify individual cells 
directly after photolytic lesion and follow them in regular intervals up to one year 
(see 3.14.1). 
 
6.1.2 Intact Cytoarchitecture and Minor Inflammatory Response 
Besides acute cell death, excessive inflammation mediated by activated microglia Denes 2010, 
Hu 2012, Wang 2013, Kim 2016 and glial scar formation Maxwell 1965, Pekny 2005 by reactive astrocytes are 
traditionally thought to constitute the main obstacles to circuit regeneration after 
injury Rudge 1990, McKeon 1991, McKeon 1999, Morgenstern 2002. 
After CNS injury resting microglia are quick to respond Nimmerjahn 2005, Davalos 2005, Jolivel 2015. Within 
hours they change their morphology from a ramified to an amoeboid, activated state and act 
as phagocytic and cytotoxic cells to clear debris and fight of pathogens Kreutzberg 1996, 
Kawabori 2015. In case of blood-brain barrier (BBB) disruption microglia processes are attracted 
to damaged vessels and possibly assist in the extravasation of leukocytes Jolivel 2015. 
Microglial derived cytokines, primarily IL-1 Giulian 1988, Herx 2001, John 2004, and leaking blood 
proteins like fibrinogen Schachtrup 2010 lead to activation of quiescent astrocytes. 
Characterized by the strong upregulation of intermediate filaments such as glial fibrillary 
acidic protein (GFAP) and vimentin Maxwell 1965, Ridet 1997, Pekny 2005, Zamanian 2012, Liu 2014, these 
reactive astrocytes in turn shield lesioned tissue and non-neuronal, inflammatory infiltrate by 
proliferation Miyake 1988, hypertrophy Maxwell 1965 and the formation of a dense network of 
secreted extracellular matrix (ECM) components Rudge 1990, McKeon 1991, McKeon 1999. Reactive 
astrocytes thus create a physical barrier to inflammatory and damaged tissue components in 
order to protect unaffected brain regions Silver 2004, Sofroniew 2015. This physical barrier however, is 
also rich in secreted and membrane bound chondroitin sulphate proteoglycans (CSPGs) that 
act as strong inhibitors of axonal (re-) growth after injury Rudge 1990, McKeon 1991, McKeon 1999, 
Morgenstern 2002. CSPGs such as NG2 Dou 1994, Tan 2005, neurocan Asher 2000, Friedlander 1994, 
versican Schmalfeldt 2000, brevican Yamada 1997 and phosphacan Milev 1994 are up-regulated by 
astrocytes and/ or oligodendrocyte progenitor cells (OPCs) after injury and have all been 
shown to inhibit neurite outgrowth of various neuronal cell types in vitro. 
In the cortex Canty 2013 and spinal cord Kerschensteiner 2005, Farrar 2012, in vivo imaging revealed a rapid 
die back of acutely damaged axons from the lesion site within hours and a continued, more 
slow degeneration process lasting for several weeks to months. In the presence of CSPGs 
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severed axons form the characteristic dystrophic end bulbs first described by Ramón y 
Cajal Cajal 1928, a form of bulbous, permanently collapsed, entrapped growth cone that 
continues to exhibit active endocytosis and retrograde vesicular transport Tom 2004, but fails to 
regenerate Bradke 2012, Silver 2014. Interestingly, in studies where the inhibitory ECM was replaced 
by a permissive environment e.g. by grafting peripheral nerve tissue into CNS lesion sites, 
dystrophic axons were capable of resuming active growth even 1 year after 
insult Houle 1991, Kwon 2002. Also, after in vivo laser single cell axotomy, which does not result in 
CSPGs deposition in the first place Canty 2013, proximal axonal segments exhibited regrowth 
beyond the lesion site, although they never followed their original path and did not reach 
their initial target. 
Besides the inhibitory effect of the ECM, direct cell-to-cell interactions seem to exert a 
deleterious effect on the regeneration capability of damaged axons Horn 2008, Busch 2010. Both, 
infiltrating macrophages after spinal cord lesion in vivo, and activated isolated resident 
microglia in vitro cause rapid and continuous retraction of injured axons upon 
contact Horn 2008. Interestingly, in the penumbra of spinal cord lesions axons were found to 
tightly associate with polydendrocytes Busch 2010 - cells of the oligodendroglial lineage that 
express high levels of the membrane bound proteoglycan NG2, hence NG2 cells Nishiyama 2009. 
While purified Dou 1994, Ughrin 2003 and recombinantly expressed Ughrin 2003, Tan 2005 NG2 has been 
shown to clearly inhibit neurite outgrowth in vitro, the role of NG2 cells during CNS injury is 
more complex. For instance, isolated adult spinal cord derived NG2 cells form a permissive 
substrate for neurite growth in co-culture with adult dorsal root ganglion cells Busch 2010, Filous 2014 
(DRGs). And while NG2 cell to axon contact does not protect dystrophic axon bulbs from 
rapid die back when they encounter activated macrophages, NG2 cells do seem to stabilize 
the retreating end bulb Busch 2010, Filous 2014. Furthermore, NG2 cells possess the capacity to 
grow through inhibitory CSPG gradients in vitro and in vivo, a process dependent on the 
expression of matrix metalloproteinases Busch 2010, Vadivelu 2015 (MMPs). MMPs dissolve inhibitory 
CSPGs and create a permissive environment for axon regrowth Busch 2010, Vadivelu 2015, possibly 
assisting in the long-term destabilization of the glial scar Frontczak-Baniewicz 2006. On the other 
hand, NG2 cells are discussed in the context of over-stabilization and axon 
entrapment Filous 2014, Silver 2014, a process that may involve the formation of synaptic like 
contacts that persist even after CSPGs have degraded. Taken together, CNS injury leads to 
a plethora of conflicting inhibitory, stabilizing and growth promoting inflammatory processes, 
all of which interfere with axon (re-) growth and thus, the brain's own capacity for circuit 
repair. 
One hallmark of the photolytic lesion paradigm I employed in order to eliminate a spatially 
restricted population of L2/3 pyramidal cells in V1 of adult mice, is the non-invasive, tissue 
penetrating near infrared laser photo-activation of intracellular Ce6 Madison 1993. The 
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subsequent production of intracellular ROS reportedly causes slow progressive cell death 
closely reminiscent of apoptosis Sheen 1992, Sheen 1994. Apoptotic cell death is characterized by a 
sequence of morphological changes Kerr 1972 including cytoskeleton degeneration, membrane 
blebbing, chromatin condensation and enzymatic chromatin fragmentation Nagata 2003, 
eventually leading to the formation of apoptotic bodies Kerr 1972 that are phagocytosed and 
degraded by macrophages or microglia Sierra 2013, Ucker 2009, Napirei 2009. Following initial laser 
exposure, I readily found robust, stochastic apoptotic cell death of Ce6 labelled CPNs for up 
to 2 weeks. TUNEL labelling of 3' OH chromatin ends Gavrieli 1992, Nagata 2003 was detectable up 
to several hundreds of µm deep into the cortical tissue, dependent on the amount of laser 
energy delivered to the brain (see 3.6.). Given the progressive nature of the apoptotic 
process and the previously reported wide range of survival times after laser photo-
activation Madison 1993, Sheen 1995, the detected fractions of TUNEL+ cells likely constitute an 
overlapping population of degenerating neurons at different stages. Apparent however, was 
a rapid apoptosis onset within hours and a peak at 3 days post laser (dpl) with an average 
maximum of close to 50% TUNEL+ cells. Notably, the individual inert nature of both, 
incorporated Ce6 beads, as well as near infrared laser light alone Madison 1993, Sheen 1994, could 
be confirmed in vitro and in vivo. Only the combination of intracellular Ce6+ beads with local 
wide-field laser activation resulted in apoptosis induction. Cortex outside of laser exposure, 
as well as Ce6+ deep layer neurons within photo-activated areas did not show signs of 
degeneration, neither programmed nor necrotic. 
Importantly, apoptosis constitutes a highly controlled process of intrinsic degeneration, which 
involves proper shielding of intracellular cytotoxic and immunogenic components from the 
microenvironment Kerr 1972, Clarke 1990, Kroemer 2005, Peter 2009. Apoptotic cells have even been shown 
to exert a pronounced anti-inflammatory effect on macrophages Cocco 2001, Ucker 2009, a process 
that seems to play an important role in the regulation of peripheral immune tolerance and the 
prevention of autoantibody production Devitt 2004, Stuart 2005, Casciola-Rosen 1994, Mevorach 1998, Poon 2014. 
Therefore, photolytic ablation of Ce6 labelled CPNs in L2/3 of adult mice should elicit no, or 
only minor inflammatory processes, similar to previous reports Madison 1993, Sheen 1995, Sohur 2012. I 
examined the reaction of microglia, astrocytes and OPCs, which comprise a substantial 
fraction of NG2 cells Ligon 2006, Nishiyama 2009, at various time-points after photolytic lesion. 
Interestingly, within hours after photo-activation microglia in the exposed cortical area 
displayed an activated phenotype, with marked upregulation of ionized calcium binding 
adaptor molecule 1 (Iba1) and de-ramified, thickened processes. Microglial activation was 
followed by a delayed astrocytic response that peaked at 3 dpl. Reactive astrocytes were 
detected via their characteristic upregulation of glial fibrillary acidic protein (GFAP) and were 
located predominantly in upper cortical layers of the lesion site. Importantly, activation of 
microglia and reactive astrocytosis were both transient and subsided within days - already at 
Discussion	
	
	 99	
7 dpl no aberrant Iba1 or GFAP signals could be detected. Although these results seem 
inconsistent with earlier reports Madison 1993, Sheen 1995, the observed inflammatory reaction is still 
minor, local and comparably brief - and does not result in disruption of the overall 
cytoarchitecture. The detected cellular differences are easily attributable to the technical 
advances in staining and microscopy over the last 20 years, and the more detailed analysis 
of the chronology of inflammatory processes after photolytic lesion presented here. Also, 
activated microglia and hypertrophic astrocytes have recently been observed in alternative 
models of neuronal apoptotic cell death, mediated by iCaspase8 and diphtheria toxin 
fragment A (DTA) expression, respectively Diaz 2013. In addition, no change in number or 
distribution of OPCs was detected at any time-point after photolytic lesion, indicating that 
NG2 cells were probably not activated and induced to proliferate. 
One explanation for the unexpected observation of activated microglia might be the sheer 
number of local apoptotic cells that needs clearing (< 50%) after photolytic lesion. Iba1+ 
microglia might still be primed to an overall anti-inflammatory state, but their morphology 
appears thickened during active phagocytosis Zhao 2015. The clearance rate for microglia in the 
adult mouse hippocampus has previously been described at ≈ 90% under physiological 
conditions Sierra 2010. It is possible that photolytic lesion induced apoptotic cells exceed the 
phagocytic capacity of resident microglia and require the help of non-professional phagocytic 
cells, e.g. nearby astrocytes Parnaik 2000, Cahoy 2008, Iram 2016. Non-professional phagocytic cells are 
less specialised and/ or use alternative pathways for exerting phagocytic activity Cahoy 2008, 
Iram 2016. They usually exhibit low efficiency, delayed onset and ingestion of late, more 
matured apoptotic cells Parnaik 2000 - offering a possible explanation for the delayed and 
transient activation of astrocytes at 3 dpl. In addition, apoptotic cells that exceed the 
clearance capacity of phagocytic cells will eventually progress to a stage termed secondary 
necrosis Rovere 1998, Škoberne 2005, Peter 2009. The membrane integrity of apoptotic cells is lost and 
intracellular cytotoxic and/ or immunogenic material is released into the extracellular space, 
potentially eliciting a pro-inflammatory response from local glia cells. The presence of 
secondary necrosis due to the heavy load of apoptotic cells following laser photo-activation 
might pose an alternative explanation for the observed transient astrogliosis at 3 dpl. 
In many aspects, photolytic lesion more closely resembles the progressive apoptotic and 
necrotic cell death observed in neurodegenerative disorders and age-related cell 
loss Anglade 1997, Shimohama 2000, than the acute focal lesion inflicted by e.g. trauma or stroke. 
Taken together, the photolytic lesion paradigm employed here eliminates local, photo-
activated L2/3 pyramidal cells in V1 of adult mice over the course of 2 weeks via an 
apoptotic mechanism. Characterized by only a minor, transient activation of microglia and 
astrocytes, and a completely intact overall cytoarchitecture, many of the inhibitory 
inflammatory processes known to interfere with axon regeneration are presumably absent. 
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Apoptotic photolesion thus offers an ideal environment with minimal inflammatory 
interference for the potential reconstruction of cortical circuits using transplanted 
exogenous Lindvall 2000 (see 6.2) or endogenous Bazarek 2014 (see 6.3) progenitors. 
 
6.2 Transplanted Embryonic Neurons Integrate into Adult Neocortical Circuits 
It has been a longstanding question, whether true circuit reconstruction - that is, the 
complete substitution of a lost neuron with a structurally and functionally identical new cell 
that adopts the equivalent position in the CNS network - is at all possible Lindvall 2000. In 
principle, such a neuron should physically replace the lost cell, assume its identity and 
acquire identical functional properties, e.g. the ability for correspondingly stable, reliable 
spatio-temporal integration of post-synaptic signals in the same functional context. This 
degree of reconstitution seems especially difficult for excitatory projection neurons in the 
cortex given their complex morphology Miller 1981a, Miller 1988, cell type diversity Tasic 2016 and brain-
wide afferent and efferent connectivity Marshel 2010, Liu 2013, Oh 2014. 
Previous studies have not been designed appropriately to address this specific question. 
While several subcortical transplantation studies in murine disease models have described 
alleviation of symptoms and clear behavioural improvements Piccini 2000, Barker 2013, Hunt 2013, 
Cunningham 2014, Czupryn 2011, none of these models allowed for the in vivo access to the 
presumably reconstituted brain circuit. This is potentially problematic, since the described 
behavioural improvements could have also been achieved through passive effects, e.g. 
spontaneous or unspecific neurotransmitter release, ubiquitous inhibition and arbitrary 
hormone release, respectively. In addition, it is still under debate to which extent the 
observed positive effects are attributable to trophic Chiba 2003, neuroprotective Chiba 2003, 
Aharonowiz 2008, or immunomodulatory factors Krampera 2006, Aharonowiz 2008 secreted by transplanted 
cells, rather than the genuine reconstitution of the damaged neuronal circuits. 
Studies aimed at reconstructing cortical circuits, on the other hand, have predominantly 
focused on graft survival and the formation of correct efferent projections to appropriate host 
target areas Hernit-Grant 1996, Fricker-Gates 2002, Gaillard 2007, Ideguchi 2010, Michelsen 2015. Data on afferent 
innervation of grafted neurons, however, are scarce Gaillard 1998, Michelsen 2015 and compelling 
evidence for the correct integration of post-synaptic signals into appropriate functional output 
with respect to the target circuit remains elusive. Likewise, the developmental aspect of 
integration, including the development of appropriate morphology, synaptic contacts and 
function, has so far been addressed only partially and only for efferent 
projections Michelsen 2015. 
In this part of my thesis, I attempted to assess the quality and extent to which individual 
transplanted embryonic neurons are capable of restoring adult primary visual cortical circuits 
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after local ablation of L2/3 projection neurons by a photolytic lesion. I used chronic in vivo 
two-photon imaging to follow the structural and functional development, maturation and 
integration of individual embryonic neurons from 3 days post transplantation (dpt) up to 11 
months (mth pt). Within weeks new neurons developed mature pyramidal cell-like 
morphologies, formed stable and persistent reciprocal synaptic connections with the host 
network, and responded to visual stimulation in a manner indistinguishable from adult L2/3 
neurons. While the morphological development and initial spine and bouton formation 
resembled processes known from embryonic and early postnatal development Shoukimas 1978, 
Cruz-Martin 2010, Marin-Padilla 2014, the emergence of functional properties differed 
considerably Rochefort 2011, Hoy 2015. Initial low selectivity and reliability refined over many weeks 
until neurons had developed stable, selective and reliable tuning properties. Accompanied 
by substantial turnover of dendritic spines and axonal boutons, functional development 
seemed dependent on experience driven refinement of synaptic contacts Keck 2008, Kreile 2011. 
Finally, once integrated into the host network, grafted neurons remained an integral part of 
the target circuit for the rest of the animal's life. 
 
6.2.1 Transplanted Neurons Develop L2/3 Pyramidal Cell-Like Morphology 
Following transplantation, embryonic neurons rapidly developed L2/3 pyramidal cell-like 
morphologies comparable to adult L2/3 projection neurons Peters 1970, Miller 1981a, Miller 1988, 
Bannister 2005, Spruston 2008. Typically, a single prominent apical dendrite branched into secondary 
and tertiary processes, while less branched basal dendrites emanated from the cell body. 
This cell polarity was established as early as 6 dpt, when the rudimentary apical dendrite 
became apparent, already harbouring the main branch points and outlining the subsequent, 
mature structure. Here, different modes of growth for apical and basal dendrites became 
apparent. While the apical dendrite mainly grew in length and reached its mature 
morphology at the end of the second week post transplantation (wpt), basal dendritic 
structures underwent extensive pruning and de novo growth of processes. Also, the basal 
dendritic tree reached its mature morphology not before the end of the third wpt. 
The leading apical dendrite and the delayed maturation of the basal dendritic tree observed 
in transplanted neurons are classical themes described in the development of embryonic 
cortical pyramidal cells Shoukimas 1978, Miller 1981b and during maturation of continuously born 
neurons in the dentate gyrus Zhao 2006. Interestingly, although grafted neurons have to develop 
in the ectopic environment of an adult cortex, the timing and extent of their morphological 
maturation seems comparable to early postnatal development of pyramidal cells in 
murinae Miller 1981b, Marin-Padilla 2014. This is remarkable given the multiple factors that act together 
in driving and shaping the dendritic arbour during normal development, including overall 
Functional	Integration	of	New	Neurons	into	Adult	Cortical	Circuits	
	
	 102	
activity Coleman 1968, Wiesel 1963, afferent innervation Kossel 1995, neurotrophins McAllister 1995, McAllister 1997, 
and guidance molecules Nedivi 1998, Polleux 2000, to name but a few. Many of these factors are 
either absent or differentially expressed in the adult. 
The observed normal dendritic development of grafted neurons emphasizes the strong 
component of intrinsic growth programs of cortical neurons. Recent support for the 
importance of cellular identity in defining dendritic morphology, afferent and efferent 
connectivity and even physiology comes from studies of ectopic transcription factor (TF) 
expression in cortical pyramidal neurons de la Rossa 2013, Rouaux 2013. Expression of the deep layer 
TF FEZ family zinc finger 2 (Fezf2) in postmitotic layer 4 (L4) neurons for instance, is 
sufficient to transform their typical stellate morphology into the phenotype of a classical L5 
pyramidal neuron within two weeks. Indeed, the majority of the transplanted embryonic 
neurons in this thesis expressed the protein cut like homeobox 1 (Cux1) at 4 wpt Falkner 2016, a 
typical marker of L2/3 projection neuron identity Nieto 2004, including CPNs Molyneaux 2009. 
Together with its paralog Cux2, Cux1 has recently been implicated in the regulation of 
dendritic branching and spine formation selectively in upper layer cortical neurons Cubelos 2010. 
Alternatively, guidance cues and neurotrophins that continue to be expressed in the adult 
cortex, or that are re-expressed following injury, may help to shape the morphology of the 
dendritic tree Wang 1998, Polleux 2000, Han 2007 and axonal arbour Wizenmann 1993, Ellezam 2001, Knöll 2001 of 
grafted neurons. Semaphorin 3A (Sema3A) for instance, plays a major role in the oriented 
growth of apical dendrites towards the marginal zone during development Polleux 2000, and 
continues to be expressed in cells of upper L2/3 in the adult mouse cortex Allen Expression Atlas. 
The largely correct ascending orientation of growing apical dendrites of transplanted neurons 
could well be due to this retained Sema3A expression in the host cortex. Notably, grafted 
neurons were not exclusively vertically oriented. Some neurons exhibited oblique apical 
dendrites with varying degrees of deviation from the vertical axis. However, the normal 
morphological spectrum of adult mammalian L2/3 pyramidal cells also includes 
approximately 5 - 20% of such "atypically oriented" neurons across all cortical 
layers van der Loos 1965, Miller 1988, Polleux 2000, Mendizabal-Zubiaga 2007. Importantly, the described difference 
to normal oriented pyramidal cells seems purely morphological. In V1 atypically oriented 
neurons display similar and concurrent development and maturation Miller 1988, Parnavelas 1983 and 
do not differ in their physiological properties, e.g. they exhibit both, typical simple and 
complex receptive field properties, respectively Parnavelas 1983. If there are functional 
consequences to atypical pyramidal cell morphology, they remain elusive to 
date Nieuwenhuys 1994, Mendizabal-Zubiaga 2007. Therefore, transplanted neurons likely reflect the normal 
variety of dendritic morphologies present in V1. 
Amongst the factors differentially regulated after injury are guidance cues Wizenmann 1993, Knöll 2001, 
Wehrle 2005, Han 2007 and neurotrophins Wang 1998, Oyesiku 1999, some of which have been shown to 
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exert marked effects on overall neuronal structure and dendritic arbour morphology. 
Candidate plasticity-regulated gene 15 (cpg15), also known as neuritin-1 (Nrn1), for 
instance, is strongly expressed in hippocampal pyramidal neurons within the first 2 weeks 
after apoptosis induction by transient global ischemia (TGI) in vivo and within hours after 
glutamate-induced injury in vitro Han 2007. Both, soluble and membrane bound cpg15 Nedivi 1998, 
Putz 2005 has been implicated in promoting dendritic arbour growth and complexity, an effect 
restricted to projection neurons Nedivi 1998, Nedivi 2001. In line with this, cpg15 depletion after injury 
hampered neurite re-growth and the formation of new neuronal connections in vitro Han 2007. 
Further, increased expression of neurotrophins, including brain derived neurotrophic factor 
(BDNF), nerve growth factor (NGF), neurotrophin-3 (NT-3) and neurotrophin-4/5 (NT-4/5), 
and their receptors has been described after traumatic brain injury Oyesiku 1999 (TBI) and in 
earlier studies using the photolytic lesion employed in this thesis Macklis 1993, Wang 1998. Notably, 
in a series of elegant experiments, neurotrophins have been implicated as strong modulators 
of dendritic growth and branching McAllister 1995, McAllister 1996, McAllister 1997, Horch 1999, Horch 2002, Horch 2004, 
Cohen-Cory 2010. They differentially affect apical and basal dendrites McAllister 1995, McAllister 1997, 
Horch 1999, exert overlapping and exclusive layer specificity McAllister 1995, McAllister 1997, act in concert 
with neuronal activity McAllister 1996 and exert their effects only over short distances Horch 2002. 
Taken together, donor inherent intrinsic factors, as well as retained and re-expressed 
embryonic cues of the host neocortex are likely to act in concert to define the correct 
morphological maturation of grafted embryonic neurons. 
The mature L2/3 pyramidal cell-like morphology grafted neurons had developed by 4 wpt 
subsequently remained stable until the end of the imaging period - a time-point reached by 
over 94% of investigated neurons and at which host mice were up to 1.2 years old 
(>450 dpt). Given the average maximum lifespan of C57/BL6 mice is approximately 
800 days Yuan 2009, it is fair to conclude that the majority of grafted neurons remained 
integrated until the end of the animal’s life. 
 
6.2.2 Formation of Dendritic Spines and Axonal Boutons 
The observed long-term survival and stable overall morphology of transplanted neurons 
strongly suggested their successful integration also on a synaptic level. Stable synaptic 
integration in turn is a prerequisite for both, the correct functional integration of pre-synaptic 
inputs, as well as the reliable functional transfer to efferent targets Koleske 2013. At the same 
time, stable neuronal networks have to allow for sufficient structural plasticity to adapt to a 
changing environment Trachtenberg 2002, adopt new memories Lai 2012, Hayashi-Takagi 2015, Li 2017 and 
compensate for altered sensory input Keck 2008, Hofer 2009, Yamahachi 2009, Marik 2010. Thus, a perfectly 
integrated transplanted neuron ideally meets both requirements: Predominantly stable 
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synaptic connections within the host network, as well as host area and cell type specific 
rates of structural plasticity Holtmaat 2009b - with the first constituting a prerequisite for the latter. 
Since dendritic spines and axonal boutons are generally regarded as reliable structural 
correlates of synapses Trachtenberg 2002, Harris 2012, I focused on individual dendritic and axonal 
processes to investigate the formation, stabilization and long-term dynamics of pre- and 
post-synaptic structures of transplanted neurons. Importantly, by following the de novo 
development of dendritic and axonal processes, I was able to identify the birth date and life 
cycle of every observed individual synaptic structure formed on a given stretch of neurite, up 
to 11 mths pt. This way, I could assess the survival and stability of synaptic structures as a 
function of developmental state of a neuron. Both, dendritic spines and axonal boutons 
reached stable densities within 4 wpt. Initial high turnover of synaptic structures decreased 
with densities approaching their plateau, but only stabilized after a subsequent period of 
transient increase. At 9 wpt transplanted neurons have finally matured on a synaptic level, 
with stable pre- and post-synaptic connections and constant, low turnover. Notably, spine 
and bouton densities, as well as turnover rates at late developmental stages (>9 wpt) are 
consistent with previous reports of L2/3 pyramidal cells in V1 Holtmaat 2005, Stettler 2006, Hofer 2009. 
Interestingly, first axonal boutons clearly pre-dated dendritic spines by a minimum of 3 days, 
and were detected as early as 3 dpt. The formation of axonal boutons within days of 
transplantation is remarkable, given the short period of time grafted neurons have had to 
adapt to the ectopic adult host cortex. Nonetheless, at 3 dpt transplanted neurons have 
already sent out hundreds of µm of neurites, some of which - in retrospect - could be 
identified as future axons. Surprisingly, boutons were able to form within a few µm of the 
axonal growth cone and some of these early structures survived for several subsequent 
imaging time-points, substantiating the notion that they are indeed part of a true synapse. 
Accordingly, it has been shown in vitro that many pre-synaptic components comprising the 
future active zone are pre-packaged and transported together, allowing for rapid stabilization 
and assembly of a fully functional pre-synapse within hours Ahmari 2000. 
It is possible, that the formation of rapid efferent synaptic contacts to host neurons helps to 
promote the survival and synaptic integration of immature neurons via retrograde synaptic 
signalling processes. Although such processes have been the subject of extensive studies 
since the nineties Thoenen 1995, Fitzsimonds 1998, Tao 2001, Regehr 2009, the molecular mechanisms 
governing retrogradely induced synaptic development, maturation and plasticity are not well 
understood. Amongst the retrograde messengers implicated to date are nitric 
oxide Garthwaite 2008 (NO), neuropeptides Simmons 1995, Iremonger 2009, endocannabinoids Brown 2003 and 
neurotrophic factors Magby 2006 - all of which have been shown to be released by the post-
synaptic membrane upon depolarization, and all act in turn by modulating pre-synaptic 
neurotransmitter release probability Regehr 2009. Retrograde synaptic modulation however, is 
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not limited to the pre-synapse directly targeted by retrograde messengers. Long-term 
potentiation (LTP) induction in dissociated hippocampal neurons, for instance, leads to the 
spread of potentiation to dendritic post-synaptic sites of the pre-synaptic cell via insertion of 
additional AMPA receptors Tao 2000, Zhang 2001. Accordingly, long-term depression (LTD) induces 
the spread of depression to the pre-synaptic neuron, possibly by inactivating post-synaptic 
recpeptors Fitzsimonds 1997. In vivo, potentiation of retinotectal synapses by local BDNF injection 
into the tectum has been shown to lead to modified synaptic inputs onto the pre-synaptic 
retinal ganglion cells (RGCs) and their subsequent enhanced response to light 
stimulation Du 2004. This BDNF mediated retrograde potentiation required the activation of its 
receptor, tyrosine receptor kinase B (TrkB) and its downstream effectors Huang 2001 at the pre-
synaptic membrane, including a rise in intracellular calcium (Ca2+). 
The importance of retrograde signalling for neuronal survival is highlighted in an early in vivo 
study on superior cervical ganglion (SCG) neurons in guinea pigs Purves 1975. Chronic ligation 
or transection of efferent branches not only lead to synaptic depression in SCG neurons 
upon pre-ganglionic stimulation, but also caused the death of most affected cells within 
weeks. 
Indeed, BDNF/ TrkB seems a promising retrograde messenger system to signal both, trophic 
support and retrograde synaptic modulation to developing transplanted embryonic neurons 
through their first efferent synaptic contacts. Both, BDNF and TrkB locate to pre- and post-
synaptic structures in cortical and hippocampal neurons Aoki 2000, Kohara 2001, Magby 2006, with BDNF 
being predominantly stored in secretory granules Haubensak 1998, Kohara 2001. Moderate 
depolarization of the post-synapse is sufficient to induce Ca2+ dependent release of BDNF 
into the synaptic cleft, independent of spiking activity in the post-synaptic neuron Magby 2006. 
BDNF in turn binds and signals through pre-synaptic TrkB receptors enhancing local 
neurotransmitter release probabilities Li 1998, Xu 2000, Magby 2006 and inducing potentiation in the 
pre-synaptic cell Du 2004. Activated BDNF/ TrKB receptor complexes undergo 
endocytosis Du 2003 and subsequently exert their long distance effects on gene expression via 
retrograde signalling to the nucleus Ginty 2002, Du 2003, Zweifel 2005. Models under discussion to 
mediate this long range signalling include the retrograde transportation of the receptor 
endosome as a scaffold for effector molecule activation Grimes 1996, Wang 2002, Delcroix 2003, Zweifel 2005, 
or the direct transportation of such activated effector molecules Ginty 2002, Zweifel 2005. 
Interestingly, donor E18.5 embryonic neurons robustly express TrkB but virtually no 
BDNF Timmusk 1994, Allen Expression Atlas. One could conceive a model where, upon forming first 
efferent synaptic contacts, grafted neurons undergo retrograde, host-derived synaptic BDNF 
mediated activation of TrkB, leading to local synaptic stabilization, trophic retrograde support 
and facilitation of their dendritic post-synaptic development. In addition, Ca2+ entry through 
first synaptic structures likely leads to the stimulation of BDNF synthesis Ghosh 1994, Shieh 1998, 
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Deisseroth 2003 via intracellular signalling processes involving the spiking independent activation 
of cAMP response element-binding protein Deisseroth 1996, Deisseroth 2003 (CREB) in grafted 
neurons, further promoting neuronal survival and differentiation Ghosh 1994, Horch 2004. 
First dendritic spines on the other hand, were observed not before 6 dpt and usually formed 
only during the second wpt. In contrast to axonal boutons, spines developed on bare, pre-
grown and already arborized dendritic processes. It cannot be excluded however, that 
synaptic structures had not formed on dendritic shafts prior to the observation of first spines. 
In fact, during embryonic development it has been proposed that dendritic growth cones are 
stabilized by the initiation of synaptic contacts and that once the growth cone elongates, 
newly formed synapses progress to sit on the expanding dendritic shaft Vaughn 1974, Miller 1981b, 
Dailey 1996. Indeed, ultrastructural studies in rat and mouse confirm the presence of synapses 
predominantly on growth cones and elongating filopodia in the embryonic CNS Vaughn 1974, 
Fiala 1998, whereas shortly before and after birth, synapses are mainly found on dendritic 
shafts Cotman 1973, Vaughn 1974, Miller 1981b, Fiala 1998. Notably, dendritic spines are rarely observed 
before the end of the first postnatal week and thus, similarly to developing transplanted 
neurons, early postnatal dendritic arbors appear smooth and spineless Cotman 1973, Miller 1981b. 
Interestingly, virtually all of these early shaft synapses exhibit symmetric pre- and post-
synaptic structures, while synapses with asymmetric junctions appear and increase in 
number only in the second postnatal week, concurrently with the development of dendritic 
spines Gray 1959, Miller 1981b, Harris 2012. Although commonly accepted as inhibitory synapses in the 
adult brain Uchizono 1965, Colonnier 1968, Klemann 2011, many of these early symmetric junctions likely 
constitute glutamatergic synapses in an early state of development. Accordingly, boutons of 
pyramidal cell axons have been found to partake exclusively in symmetric synapses in the 
early postnatal rat visual cortex, before being engaged in asymmetric synapses by the end 
of the first postnatal week Miller 1981b. Based on the above ultrastructural observations, the 
following model of dendritic spine maturation during development has been 
suggested Aghajanian 1967, Cotman 1973, Miller 1981b, Dailey 1996, Fiala 1998 that is also conceivable for 
developing grafted neurons: An initial shaft synapse with symmetric densities is formed 
involving either the retraction of early filopodia, or their elongation into nascent dendrites. 
Subsequently, a rudimentary post-synaptic elevation develops from the shaft, while the 
synapse gradually undergoes asymmetric pre- and post-synaptic specialization, followed by 
spine and bouton morphogenesis and functional maturation. 
Further support for such a model comes from live cell imaging of post-synaptic density 
(PSD) dynamics in early postnatal hippocampal neurons in organotypic slices Kennedy 2000, 
Marrs 2001. Approximately half of the observed newly formed dendritic spines emerged together 
with their pre-assembled PSD cluster from the shaft, while a further fraction included the 
transition through a protospine or filopodium. Interestingly, synaptic activity seems sufficient 
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to induce the formation of dendritic spines during early development. Glutamate uncaging at 
L2/3 pyramidal cell dendrites in acute slices of neonatal and early postnatal mice lead to the 
extension of new spines from the local shaft within minutes, followed by stimulus evoked 
synaptic transmission within half an hour Kwon 2011. Considering the rapid timescale of these 
events, it is possible that pre-assembled shaft synapses respond to the onset of synaptic 
activity with the morphological maturation into spine synapses. 
Among the newly formed, early afferent contacts onto grafted neurons are presumably also 
GABAergic inputs from the host network. Indeed, during development a sequential 
establishment of initial GABAergic, followed by glutamatergic synaptic transmission is 
apparent and occurs in accordance with apical and basal dendritic development, 
respectively Tyzio 1999, Khazipov 2001, Hennou 2002, Ben-Ari 2002. Importantly, within the first postnatal week 
GABA elicits depolarizing potentials in post-synaptic cells and only starts to exert its 
inhibitory action in the second week Ben-Ari 1989, Cherubini 1991, Fukuda 1998, Yamada 2004. Commonly 
referred to as "GABA switch", this change from excitatory to inhibitory GABA action is due to 
the initial elevated intracellular concentration of chloride ions (Cl-) mediated by the Na+K+2Cl-
 co-transporter 1 (NKCC1) Kakazu 1999, Yamada 2004, Achilles 2007 and the delayed Cl- extrusion due to 
the late expression of K+Cl- co-transporter 2 (KCC2), resulting in a negative shift in the Cl- 
reversal potential Rivera 1999, Ganguly 2001, Ludwig 2011, Valeeva 2013, Leonzino 2016. Excitatory GABAergic 
transmission together with first glutamatergic NMDA receptor activation leads to Ca2+ influx, 
eventually causing the first synchronous activity in the early postnatal network Ben-Ari 1989, Ben-
Ari 2002, Kaila 2014. 
Interestingly, GABA mediated activity by itself seems to promote KCC2 expression Ganguly 2001, 
Zhang 2001, Ben-Ari 2002. GABAA receptor (GABAA-R) activation has been shown to enhance mRNA 
levels of KCC2, and increased receptor activation and blockage lead to accelerated and 
delayed GABA switch, respectively Ganguly 2001. Also, GABA activity enhances the expression 
level of BDNF, dependent on Ca2+ influx via voltage-gated Ca2+ channels 
(VGCC) Berninger 1995. BDNF in turn robustly up-regulates KCC2b Ludwig 2011, the predominant 
KCC2 isoform in the murine cortex Uvarov 2007, Uvarov 2009. Notably, all of these reported effects 
are differentially regulated with age and limited to the first and second postnatal week, or 
equivalent days in culture. 
Another factor recently implicated in the regulation of KCC2 expression within the same time 
window is the neuropeptide oxytocin. Besides the transient negative shift in Cl- reversal 
potential that protects neurons from excitotoxicity during parturition Tyzio 2006, oxytocin exerts a 
permanent effect via its oxytocin receptor similar to GABAA-R activation on both, the timing 
of the excitatory-to-inhibitory switch and the expression of KCC2 Leonzino 2016. Notably, in 
addition to its function as an ion transporter, KCC2 has recently been linked to the structural 
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stabilization of dendritic spines Li 2007 and the clustering of AMPA receptors at glutamatergic 
synapses Gauvain 2011, Blaesse 2015. 
Immature transplanted neurons likely compare to age matched embryonic neurons in their 
molecular composition and lack KCC2 expression in the first week post transplantation. One 
could speculate that early afferent GABAergic contacts from the host network would 
therefore depolarize grafted neurons and thus, present a source of excitation. The resultant 
Ca2+ influx promotes the gradual expression of KCC2 and the subsequent shift in Cl- 
reversal potential, eventually leading to the maturation of inhibitory synapses onto new 
neurons. Also, initial excitatory GABA activity likely helps to ramp up intrinsic BDNF 
expression Berninger 1995, further promoting survival Ghosh 1994, differentiation Horch 2004 and 
synaptic maturation Magby 2006, Ludwig 2011 of grafted neurons. Interestingly, since excitatory 
GABA activity actively promotes the excitatory-to-inhibitory switch in post-synaptic 
cells Ganguly 2001, Zhang 2001, Ben-Ari 2002, the establishment and maturation of host-to-graft inhibition 
seems to be directed mainly by the host network. In addition, host mediated excitatory GABA 
action might even set the timing for subsequent dendritic spine morphogenesis and 
glutamatergic synaptic development of grafted neurons via KCC2's ion transporter 
independent, structural functions Li 2007, Gauvain 2011, Blaesse 2015. 
Taken together, multiple mechanisms seem to act in concert to mediate the correct pre- and 
post-synaptic excitatory and inhibitory synaptic integration of transplanted neurons, hinting at 
a well-orchestrated process that recapitulates many features of the developing neuronal 
network. 
 
6.2.3 Transplanted Neurons Process Visual Information 
As outlined above, the observed stable and persistent reciprocal synaptic connections within 
the host network are a prerequisite for the correct functional integration of transplanted 
neurons. I therefore investigated next whether new neurons adopt a meaningful function 
within their target circuit. Are they truly capable to functionally substitute for lost L2/3 CPNs 
in the V1 binocular zone? Fluorescent donor neurons were co-labelled with genetically 
encoded calcium indicators (GECIs) and host mice were stimulated with high contrast 
gratings moving in eight directions. GECIs report neuronal activity based on Ca2+ binding -
dependent conformational changes that cause alterations in their fluorescence 
yield Kleinfeld 2005, Hendel 2008, Chen 2013, Thestrup 2014. I repeatedly recorded changes in fluorescence 
relative to baseline in individual soma, axons and occasionally, dendritic spines at 4 to 
15 wpt. 
Notably, key receptive field properties, such as stimulus location in visual space and 
orientation and/ or direction selectivity, are encoded at the level of individual V1 L2/3 
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pyramidal neurons Hubel 1962, Dräger 1975, Niell 2008, Marshel 2011. Therefore, individual L2/3 pyramidal 
cells exhibit a distinct preference for one direction and/or orientation over others, and this 
selectivity distributes characteristically across stimulus space on a population level Dräger 1975. 
The average degree of selectivity in turn differs between cortical layers and areas Neill 2008, 
Marshel 2011. In addition, tuning preferences in rodents are anatomically organized in a salt and 
pepper-like fashion Ohki 2005, Espinosa 2012, thus the sampling of a local subpopulation sufficiently 
represents V1 L2/3 pyramidal neurons in general. I specifically ablated L2/3 cells in the 
binocular zone of V1 Dräger 1975, Dräger 1978. This region receives input from both eyes via the 
LGN and exhibits extensive cortico-cortical connections between homotopic sites on either 
hemisphere. As a result, >70% of neurons show binocular responses to visual 
stimulation Diao 1983, Dräger 1978, Lepore 1992, Pietrasanta 2012, Dehmel 2014. 
Importantly, transplanted embryonic neurons were not only visually responsive, but also 
exhibited characteristic tuning preferences, including cells with strong orientation and/ or 
direction selectivity as early as 5 wpt. The distribution of preferences across the population 
of new neurons revealed a modest overrepresentation of cardinal directions, typical for L2/3 
pyramidal cells Kreile 2011, Rochefort 2011. Likewise, the average orientation and direction selectivity 
compares to values reported previously for adult V1 L2/3 Niell 2008, Marshel 2011. Importantly, 
repeated stimulation elicited reliable responses in individual cells, and neurons’ tuning at late 
time-points was remarkably stable over time, as is the case in the adult mouse V1 Mank 2008, 
Andermann 2013. Consistent with transplantations into the binocular zone of V1, all cells 
investigated exhibited binocular responses. 
However, tuning properties varied markedly across time-points between 5 and 9 wpt and 
only stabilized at 11 wpt. Within the same time period, changes in preferred direction 
between imaging intervals gradually decreased, while both, response selectivity and 
reliability constantly increased. These results suggest that the functional integration of new 
neurons into the host network is still ongoing <9 wpt and that functional stability is not 
reached before 11 wpt. Notably, early tuning was usually broad and non-selective, and 
responses were highly variable. This differs considerably from the tuning properties of V1 
L2/3 cells at eye opening in young mice, the majority of which exhibit sharp tuning and a 
selectivity for stimulus direction Rochefort 2011, Hoy 2015. A potential explanation for this 
discrepancy lies in the specific way of how neurons attain their tuning during normal 
development: It has been shown that clonally related neurons share a higher connectivity 
over non-related neighbours via gap junctions during corticogenesis Yu 2012. At eye opening 
these sister neurons exhibit a higher similarity in their tuning properties Li 2012 and cells with 
increased similarity in tuning show a higher probability of excitatory chemical synapses in 
juvenile V1 L2/3 Ko 2011. Accordingly, disruption of early gap junction coupling leads to loss of 
correlated tuning Li 2012 in sister neurons due to non-preferential establishment of chemical 
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synapses Yu 2012. At the onset of visual experience, shared feed-forward input onto clonally 
related neurons thus likely leads to strengthening of feature selectivity and highly selective 
tuning in the majority of responsive neurons. 
On the other hand, neurons’ orientation but not direction selectivity evolves after eye 
opening and steadily increases over several days Hoy 2015 to weeks Rochefort 2011. This process is 
possibly mediated by visual experience and resembles the gradual maturation of feature 
selectivity of transplanted neurons. Indeed, prohibiting visual experience in dark reared mice 
has been shown to delay the characteristic sparsening of neuronal responses at eye 
opening Rochefort 2009, to cause increased response variability Ko 2014 and to diminish the 
correlation of connectivity and response similarity to natural movies in juvenile mice Ko 2014. 
Restriction of visual experience to one orientation leads to the overrepresentation of the 
respective orientation in V1 L2/3 pyramidal neurons Kreile 2011. In addition, visual impairment 
due to partial retinal lesions or monocular deprivation is associated with increased turnover 
of dendritic spines in V1 Keck 2008, Hofer 2009, likely reflecting the adaptation of the cortical 
network to alterations in visual input. 
It is conceivable that visual experience is a key mechanism in the functional maturation of 
transplanted neurons. Initially stochastic synaptic connections could be refined in an activity 
dependent manner, thus gradually shaping the tuning properties of new neurons. 
Interestingly, the prolonged period of functional development of grafted neurons was 
paralleled by heightened synaptic turnover, which only subsided once tuning properties 
became invariant. Also, dynamics and stabilization of dendritic spines and axonal boutons 
followed the same time course, substantiating the notion that experience driven refinement 
affects both, pre- and post-synaptic structures. Late synaptic dynamics at 10 to 11 mths pt 
remained at a continuous low level and the few newly gained structures displayed high 
stability (see 5.2.4). Thus, major functional changes are unlikely to occur once stable tuning 
properties have been acquired at 11 to 15 wpt. 
Taken together, experience-dependent functional maturation presents an interesting concept 
that encompasses the possibility of actively shaping the functional properties of new neurons 
to fit the requirements of a target circuit. In the future, driving neuronal sub-circuits e.g. via 
manipulation of sensory experience, might even allow for the addition of new neurons to a 
circuit of choice. While I have shown that new neurons are able to successfully serve as 
cellular building blocks for circuit reconstruction, further experiments will be required to prove 
that the integration process is indeed experience-dependent and as a consequence, is 
susceptible to systematic manipulation. 
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6.2.4 Appropriate Afferent and Efferent Connectivity 
In order for transplanted neurons to develop the specific and selective tuning properties 
reported above (see 6.2.3), they have to acquire appropriate input from multiple areas 
involved in the processing of visual information. Visual information detected in the retina is 
relayed to various layers in V1 via the LGN Cruz-Martin 2014, Sun 2016, Kondo 2016, processed within 
layers Bannister 2005, integrated with signals from the contralateral homotopic 
hemisphere Yorke 1975, Blakemore 1983, Pietrasanta 2012 and modulated by other sensory and accessory 
areas Iurilli 2012, Bennett 2013, Stehberg 2014. 
Using monosynaptic rabies tracing our collaborators determined the brain wide distribution of 
directly connected input neurons onto transplanted cells Falkner 2016. As expected, prominent 
regions providing input included the dorsal LGN, local L2/3 and L5 neurons, contralateral V1, 
as well as other sensory areas, motor cortex and multiple associative areas. Surprisingly, 
there was not only no difference in areas that projected to endogenous V1 L2/3 cells and 
transplanted neurons, but also a largely comparable density of afferent connections. 
Importantly, connections from the LGN systematically varied with transplantation sites in V1, 
revealing a topographic organization of feed-forward inputs onto new neurons. Thus, 
transplanted neurons seem to take part in the retinotopic organization of the visual system. 
In addition, our collaborators traced the efferent projections of grafted new neurons 
throughout the brain and found largely correct projections to known target areas of upper 
layer V1. These results confirm various studies that have previously demonstrated the 
capability of grafted neurons to send efferent projections to correct target regions Fricker-
Gates 2002, Gaillard 2007, Ideguchi 2010, Michelsen 2015, and suggest that transplanted neurons eventually 
transfer appropriately integrated visual information to correct targets throughout the brain. 
 
6.3 Integration of Endogenous New Neurons after Apoptotic Photolesion? 
Besides the striking capacity of transplanted neurons to help in the restoration of damaged 
brain circuits demonstrated in this thesis (see 6.2), the exogenous supply of new neurons for 
therapeutic use underlies methodological constraints as well as ethical 
considerations Lindvall 2004, Barker 2013, Thompson 2015. Alternatively, endogenous pools of neuronal 
progenitors could be activated and instructed to replace neurons lost due to injury or 
disease Lindvall 2004, Emsley 2005, Bellenchi 2013, Christie 2013, Sun 2014. 
In the adult mammalian brain the generation of new neurons is mostly restricted to its 
neurogenic niches, the subventricular zone (SVZ) lining the wall of the lateral 
ventricles Lois 1993, Lois 1994, Alvarez-Buylla 2002 and the dentate gyrus (DG) of the hippocampal 
formation Altman 1965, Altman 1969, Kempermann 2004, Ming 2005, Ming 2011. Besides, cells with neurogenic 
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potential in vitro have reportedly been isolated from multiple areas of the healthy Reynolds 1992, 
Palmer 1995 and diseased brain Buffo 2008, Sirko 2013, Robel 2013, although technical limitations in respect 
to progenitor identification Breunig 2007a and determination of multipotency Pastrana 2011 are a 
cause for on-going controversy. Both, astrocytes and cells of the oligodendroglial lineage are 
under discussion as potential progenitors that also become (re-) active in response to injury 
and exhibit neurogenic potential. For instance, it has been reported that isolated reactive 
astrocytes from the lesioned adult cortex are capable of forming non-adherent, clonally 
derived agglomerates, so called neurospheres Buffo 2008, Sirko 2013, Faiz 2015, and exhibit a capacity 
for multipotency in vitro Buffo 2008, Sirko 2013. Further, reactive astrocytes could be converted into 
neurons in vivo, following the ectopic expression of the pro-neuronal TF achaete-scute 
homolog 1 (Ascl1) in the stroke lesioned cortex Faiz 2015, and the key stem cell TF sex-
determining region Y-box 2 (Sox2) in the striatum Niu 2013, respectively. In both studies 
however, the number of induced new neurons was extremely low and the overwhelming 
majority of cells did not progress to express mature neuronal markers, e.g. the neuronal 
nuclear antigen NeuN Mullen 1992. 
A substantial fraction of postnatal OPCs is comprised of NG2 cells Ligon 2006, Nishiyama 2009, which 
constitute another potential source of new neurons. While in the non-injured brain NG2 cells 
seem restricted to the oligodendrocyte lineage Simon 2011, Richardson 2011, they convert to a state of 
multipotency in response to growth factors in vitro Kondo 2000, Belachew 2003. In addition, NG2 cells 
have recently been shown to give rise to new neurons in vivo, following the ectopic 
expression of Sox2 after cortical stab wound lesion Heinrich 2014. Similar to reprogrammed 
astrocytes however, the reported numbers of induced new neurons from NG2 progenitors 
were low, and neuronal maturation was scarce. 
Interestingly, multiple invasive cortical Salman 2004, Saha 2013, Faiz 2015 and striatal Arvidsson 2002, Li 2010 
lesion paradigms elicit a massive multilineage cytogenic response that originates from the 
SVZ. Increased proliferation has been observed in the SVZ following middle cerebral artery 
occlusion Arvidsson 2002 (MCAO) and cortical aspiration lesion Saha 2013, and vast numbers of SVZ 
derived doublecortin (Dcx) positive neurons infiltrate the penumbra of various lesion 
types Arvidsson 2002, Salman 2004, Li 2010, Saha 2013, Faiz 2015. While the striatum seems permissive for the 
maturation of a moderate fraction of infiltrated Dcx+ cells Arvidsson 2002, Li 2010 into medium-sized 
spiny neurons Arvidsson 2002, the vast majority of progenitors reaching cortical lesion sites 
differentiate into astrocytes and oligodendroglial cells Salman 2004, Saha 2013, Faiz 2015. Although 
mature SVZ derived NeuN+ neurons occasionally have been observed after cortical 
lesions Saha 2013, reported numbers were extremely low. 
Notably, low levels of NeuN+ new neurons also have been described after photolytic ablation 
of cortico-thalamic neurons in layer 6 Magavi 2000 (L6) and cortico-spinal motor neurons in 
L5 Chen 2004 of adult mice. Identified based on the incorporation of the thymidine analogue 
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BrdU, respective new neurons expressed mature neuronal markers, were detected in deep 
cortical layers and formed sub-type specific projections to target regions of ablated neurons. 
However, the cellular origin of these induced new neurons remains elusive to date Sohur 2012, 
Diaz 2013. 
Thus, while a number of studies have demonstrated that several cellular sources are 
capable of generating new neurons in various physiological and artificial lesion paradigms, 
the number of induced new neurons generally is low, and differentiation into mature neurons 
is extremely scarce. 
In this final part of my thesis, I investigated whether the photolytic lesion paradigm employed 
to specifically eliminate L2/3 CPNs in V1 also induced the generation of endogenous new 
neurons. Since it is suspected that reported NeuN+BrdU+ neurons are either derived from the 
SVZ or local parenchymal progenitors Magavi 2000, Chen 2004, I combined the photolytic ablation of 
L2/3 CPNs with genetic fate mapping experiments in suitable mouse models Mori 2006, 
Nakamura 2006, Simon 2012. In addition to revealing the cellular origin of potential, induced new 
neurons, respective mouse models also allow for the chronic in vivo observation of their 
structural and functional development, and eventually, their integration into the local circuit. 
In case new neurons originate in the SVZ, the location of V1 in the posterior cortex might 
prove disadvantageous to the activation of and infiltration by induced neuronal progenitors. 
Therefore, I performed a second set of experiments in S1. 
I detected lesion-induced NeuN+BrdU+ neurons in both, S1 and V1, albeit at low numbers. 
Surprisingly, neither astrocytic nor oligodendrocytic lineage tracing could substantiate their 
cellular origin, as not one induced neuron was co-labelled in either mouse model. On the 
other hand, photolytic lesion in GLAST-creERT2 x CAG-GFP mice induced GFP+ 
morphologically mature neurons that never incorporated BrdU. Although specific to the 
lesion site, in vivo imaging did not detect progressive developmental stages of maturation, 
excluding the possibility that they differentiated from local quiescent postmitotic progenitors. 
Interestingly, the lesion specificity of GFP expression in mature, likely non-induced neurons 
reveals a potential caveat for the use of creERT2 driver lines for lineage tracing in models of 
injury and disease. 
Taken together, further studies will be required to determine the origin and prevalence of the 
endogenous progenitors that give rise to NeuN+BrdU+ neurons induced by apoptotic 
photolesion in the cortex. It seems conceivable, however, that the potential for circuit 
integration and repair of these induced new neurons equals the demonstrated capacity of 
exogenous new neurons (see 6.2) in quality and extent. 
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6.3.1 A Critical View on BrdU as a Marker of New(born) Neurons 
In order to investigate the induction and cellular origin of potential new neurons, I ablated 
L2/3 CPNs in V1 and S1 in GLAST-creERT2 x CAG-GFP and SOX10-creERT2 x CAG-GFP 
mice. While the GLAST-creERT2 driver line labels cells of the astroglial lineage, including 
radial glia-like progenitors in the SVZ, potential progenitors in the parenchyma, as well as 
mature quiescent astrocytes Mori 2006, SOX10-creERT2 drives GFP expression in mature 
oligodendrocytes as well as OPCs, including NG2 cells Simon 2012. BrdU was supplied 
continuously via drinking water for a period of one week before and one week after photolytic 
lesion. Animals were sacrificed and brains subjected to immunohistochemistry (IHC) at 
2 and 8 weeks post laser lesion (wpl). 
Indeed, at 8 wpl NeuN+BrdU+ neurons were detected specifically at the site of photolytic 
lesion in both, S1 and V1, albeit at low numbers. Surprisingly, in both mouse lines, across all 
areas analysed, not a single NeuN+BrdU+ neuron was co-labelled with GFP. In addition, 
consistent (negative) results were obtained after varying the timing of the BrdU supply in 
respect to GFP induction. Unfortunately, these results render the incorporation of BrdU as 
the sole indicator of induced mature new neurons, and - given the pitfalls of BrdU labelling 
that have become apparent over the last decade Cooper-Kuhn 2002, Taupin 2007, Breunig 2007a, Duque 2011 - 
should be interpreted with some scrutiny. 
As a thymidine analogue BrdU is incorporated into the genome during DNA synthesis in the 
S phase of the cell cycle Takeda 2005, thus labelling cells that undergo proliferation. However, 
outside of the normal cell cycle any form of DNA synthesis will also result in the stochastic 
incorporation of BrdU, including mechanisms of DNA repair based on base Zharkov 2008 and 
nucleotide excision Dexheimer 2013, respectively. Since a variety of cortical insults, including 
stroke Li 2011, Huttner 2014 and oxidative stress due to injury or disease Fishel 2007, Narciso 2016, have 
been shown to entail DNA repair, I investigated the possibility that photolytic lesion induced 
NeuN+BrdU+ neurons are in fact postmitotic neurons labelled due to cellular repair. However, 
a comparison of induced new neurons at 2 and 8 wpl revealed that there was no difference 
in the numbers of NeuN+BrdU+ cells within the lesion site at 2 wpl and outside of the lesion 
at both, 2 and 8 wpl. If DNA repair was a confounding factor, significant numbers of mature 
neurons would have been labelled with BrdU already at early time-points post lesion. In 
addition, the increase in detected lesion specific NeuN+BrdU+ neurons over the following 
weeks suggests that induced new neurons undergo a maturation process until they 
eventually express NeuN. As expected, the invasive nature of Ce6 beads injection at the 
homotopic site of the contralateral hemisphere resulted in elevated numbers of NeuN+BrdU+ 
neurons already at 2 wpl likely due to repair mechanisms. At 8 wpl these numbers had 
declined to control levels, consistent with subsequent neuronal death. Thus, photolytic lesion 
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induced NeuN+BrdU+ neurons unlikely constitute postmitotic neurons that have incoporated 
BrdU due to cellular repair. 
Another possible route of BrdU incorporation into mature postmitotic neurons is DNA 
synthesis during a process called abortive cell cycle re-entry Kuan 2004, Taupin 2007, Breunig 2007a. Cell 
cycle re-entry is characterized by the re-expression of S phase cell cycle transition proteins, 
proliferation markers and the resumption of DNA synthesis. However, cell cycle progression 
is not completed, and the majority of affected neurons eventually undergo apoptotic cell 
death Kuan 2004. Indeed, postmitotic neurons exhibiting cell cycle re-entry and subsequent 
apoptosis have been found following hypoxia-ischemia Kuan 2004, stroke Hayashi 2000, kainic acid 
lesions Verdaguer 2002, as well as in models of Alzheimer's and Parkinson's disease Yang 2001, 
Hoglinger 2007. Interestingly, it has been shown that the re-activation of cell cycle progression is 
triggered by DNA damage in terminally differentiated cortical neurons in vitro. Accordingly, 
apoptosis induction without affecting the DNA resulted in cell death without prior cell cycle 
activation Kruman 2004. In addition, DNA damage has been linked to cell cycle re-entry and 
massive apoptosis in vivo in the Harlequin (Hq) mouse model of progressive oxidative 
stress-induced neurodegeneration Klein 2002, Herrup 2004. In the Hq mouse the level of the 
flavoprotein apoptosis-inducing factor (Aif) is greatly reduced in cerebellar granule and 
Purkinje cells, as well as various types of retinal neurons, leading to an imbalance in the 
ROS scavenging system in affected neurons. As a result, neurons accumulate oxidative 
DNA damage, subsequently co-express various cell cycle proteins, progressively incorporate 
BrdU and eventually, undergo apoptotic cell death. Importantly, BrdU+ postmitotic neurons 
steadily increased in number until Hq mice were 7 months of age Klein 2002, indicating slow 
degeneration and long survival times of damaged neurons. In line with this, oxidative DNA 
damage Klein 2003, robust cell cycle re-entry Yang 2001 and substantial DNA synthesis Yang 2001 also 
have been described in human post-mortem tissue of Alzheimer's disease (AD) patients. In 
AD, the near complete DNA replication without subsequent progression to mitosis results in 
the formation of tetraploid neurons, which accumulate and persist for many months before 
undergoing neuronal cell death Yang 2001, Frade 2015. 
Photolytic activation of Ce6 labelled CPNs in L2/3 of V1 (see 6.1) induces intracellular ROS 
formation and subsequent slow progressive cell death via a process reminiscent of 
apoptosis Sheen 1992, Sheen 1994. Given the association of oxidative stress and oxidative DNA 
damage, abortive cell cycle re-entry and neurodegeneration, it is not unlikely that ROS 
production due to photolytic lesion triggers similar events. At least a fraction of Ce6 labelled 
CPNs could re-enter the cell cycle and resume DNA synthesis before eventually progressing 
to apoptotic cell death. Such neurons would incorporate BrdU, since laser photoactivation 
takes place mid-way through a 2-week period of BrdU supply. It has been shown that 
postmitotic neurons with re-activated cell cycle persist in S phase for many months before 
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their death and clearance from the tissue Klein 2002, Yang 2001, Frade 2015. Therefore, BrdU+ CPNs 
with active cell cycle that do not die with in the characteristic 1 to 2 week period (see 5.3.1) 
might be able to persist and impede the secure identification of induced new neurons. The 
comparison of 2 and 8 wpl however, shows a significant increase of NeuN+BrdU+ neurons 
over time. If abortive cell-cycle re-entry was responsible for all detected BrdU+ mature 
neurons, both time-points should have exhibited equal numbers. It is very unlikely that past 
2 wpl additional postmitotic neurons acquire BrdU labelling, since BrdU supply was ended 1 
week earlier, and BrdU clearance from the organism occurs within hours Packard 1973, Hayes 2000, 
Duque 2011. It cannot be excluded however, that BrdU is released into the local tissue by dying 
CPNs that have undergone cell cycle re-entry during the first wpl and progress to apoptosis 
within the second wpl. This way the availability of BrdU in the local tissue could be prolonged 
past the 2 wpl time-point. Indeed, it has been shown that BrdU derived from labelled donor 
neurons that do not survive transplantation is released in vivo and subsequently transferred 
to host neurons and glia in the neonatal rat brain Burns 2006. 
Taken together, despite the many pitfalls of BrdU as a sole marker for new neurons, the 
observed increase of NeuN+BrdU+ cells between 2 and 8 wpl, specifically at the photolytic 
lesion site, is still highly indicative of the induction of new neurons, albeit at low numbers. 
Identifying the progenitor population by lineage tracing could have provided unequivocal 
evidence. Unfortunately, neither GLAST nor SOX10 driver lines co-label new neurons, 
indicating that they are not derived from known progenitors of the astroglial and 
oligodendroglial lineage. 
The generation of new neurons after photolytic lesion is thought to be dependent on the 
apoptotic nature of cell death of targeted pyramidal cells Magavi 2000, Chen 2004. In an attempt to 
independently verify this hypothesis, two different strategies were recently employed in order 
to genetically induce apoptosis in glutamatergic neurons and investigate the formation of 
new neurons in the cortex of adult mice Diaz 2013. In this study, the targeted expression of the 
caspase-8 protein and diphtheria toxin, respectively, caused stochastic apoptotic cell death 
of glutamatergic neurons throughout the brain upon induction. Concurrent BrdU injections for 
~3 consecutive weeks lead to the labelling of roughly 25.000 NeuN+BrdU+ putative new 
neurons. Importantly, several rounds of analysis with increasing optical resolution revealed 
not a single truly co-labelled induced new neuron. Instead, seemingly NeuN+BrdU+ neurons 
were in fact two closely opposing cells, with the BrdU label likely belonging to a microglial 
cell Diaz 2013. Indeed, loss of extracellular space and tissue shrinkage are known to lead to 
artificial membrane coagulation, an inherent problem in the preparation of tissue for 
IHC Cragg 1980, Karlsson 1965. In unprecedented detail, the above study underlines the necessity for 
high-resolution single cell analysis and serial optical sectioning for the correct identification 
of new neurons labelled with BrdU. Accordingly, in this thesis, NeuN+BrdU+ neurons induced 
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by photolytic lesion have been identified using high-resolution confocal microscopy and 
optical sectioning. However, I did not employ an equal maximum spatial resolution and the 
multiple rounds of analysis described by Diaz et al Diaz 2013. Therefore, it cannot be excluded 
that at least some identified NeuN+BrdU+ neurons represent two cells in close apposition. In 
any case, Diaz et al. have shown that the generation of new neurons in the cortex is not a 
general process induced by apoptosis of glutamatergic neurons, as had been suggested 
previously Magavi 2000, Chen 2004. 
 
6.3.2 A Tale of HSP Complexes, Hormone Receptors and Lesion-Specific 
GFP+ Neurons 
While none of the observed NeuN+BrdU+ induced new neurons expressed GFP in lineage 
tracing experiments (see 5.3.2. and 5.3.5.), multiple GFP+ cells were found to be co-labelled 
with NeuN in the GLAST-creERT2 x CAG-GFP mouse Mori 2006 after photolytic lesion. In this 
mouse line, GFP expression is induced in cells of the astroglial lineage upon administration 
of the oestrogen analogue tamoxifen (TM) (see 3.3). TM binds to the mutated hormone-
binding domain (HBD) of the oestrogen receptor (ERT2), which is fused to the cre 
recombinase (cre), enabling the translocation of creERT2 to the nucleus Indra 1999, Hayashi 2002. 
The subsequent recombination between loxP sites in the reporter gene construct Nakamura 2006 
induces GFP expression. 
At 8 wpl GFP+NeuN+ neurons exhibited mature neuronal morphology and were located in 
and adjacent to the lesion site. Notably, a number of controls confirmed the lesion specificity 
of observed GFP+ neurons. Sham induction of GFP expression with corn oil revealed no TM 
independent cre activity Liu 2010 and importantly, no spontaneous recombination of loxP sites 
even in the presence of the photolytic lesion. Also, TM induction without lesion resulted only 
in sporadic unspecific GFP+NeuN+ neurons of significantly lower number. Indeed, the 
original study that introduced the GLAST-creERT2 mouse line reported cre expression in a 
small fraction of cortical neurons, as well as a varying fraction (2-6%) of neurons expressing 
a reporter gene upon induction that is dependent on the concentration of administered 
TM Mori 2006. Since the number of detected unspecific GFP+NeuN+ neurons is well below 
reported values, recombination in "leaky" cre expressing neurons is not induced by the 
induction protocol employed here (see 3.3). 
Surprisingly, however, GFP+NeuN+ neurons consistently failed to incorporate BrdU supplied 
for 2 weeks at varying intervals spanning 3 weeks prior to 3 weeks post lesion. This result is 
interesting, as it would suggest that GFP+BrdU– new neurons potentially undergo 
differentiation from a resting, quiescent progenitor Götz 2015. Therefore, I employed chronic in 
vivo two-photon imaging to follow the fate of all GFP+ resident cells in, as well as any 
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labelled cells migrating into, a volume of up to 0.8 mm3 of V1 after photolytic lesion. Mice 
were subjected to imaging immediately after laser photoactivation and weekly thereafter up 
to 8 wpl. Although occasionally cells without typical astrocyte morphology could be observed 
that seemed to undergo multiple rounds of cell division and migration across time-points, not 
a single GFP+ cell exhibited morphological differentiation into a mature pyramidal neuron. 
However, fully developed GFP+ neurons generally appeared within 1 wpl without identifiable 
progenitor similar to previous reports Breunig 2007a, Breunig 2007b. Given the progressive nature of 
apoptotic photolesion, as well as the observed time period for differentiation of transplanted 
neurons (see 5.1.2 and 1.1), it is extremely unlikely that a quiescent progenitor would be 
both, activated and fully mature within such a short period of time. 
The lesion specificity of GFP expression in resident, non-induced neurons reported here 
reveals a potential caveat for the use of creERT2 driver lines in models of injury and 
disease. In the absence of TM, recombination in cells expressing creERT2 is prohibited by 
the cytoplasmic retention of cre through its fusion to ERT2 Indra 1999, Hayashi 2002. ERT2 
constitutes a mutated form of the hormone-binding domain of the oestrogen receptor Indra 1999, 
which, like the HBDs of all 5 classes of steroid receptors, is associated with the heat shock 
protein 90 (Hsp90) heterocomplex Picard 1988, Mattioni 1994, Picard 1994, Xu 1998, Bouhouche-Chatelier 2001, Pratt 2003. 
This interaction serves an important function in the facilitation of hormone binding and 
steroid receptor activation in vivo Picard 1990, Fliss 2000, Whitesell 2005. Besides steroid receptors, the 
multimeric Hsp90 complex is comprised of additional heat shock proteins, molecular 
chaperones, co-chaperones, nucleotide exchange factors (NEFs), transcription factors and 
other regulatory proteins, forming a multicomponent molecular machine Pratt 2003, Hartl 2011, 
Shiber 2014. The primary function of this complex is the recognition, stabilization and ATP 
dependent (re-) folding of proteins exhibiting non-native conformations, as is the case with 
misfolded or denaturated proteins Zou 1998, Hartl 2011, Shiber 2014. If protein (re-) folding fails, Hsp90 
complex associated co-factors like CHIP induce the ubiquitylation and subsequent 
proteolysis via the ubiquitin proteasome system Connell 2001, Meacham 2001, Marques 2006. Importantly, it 
has been demonstrated in vitro that denaturated protein is sufficient to cause the release of 
heat shock transcription factor 1 (Hsf1) from the Hsp90 complex Zou 1998. Once released, Hsf1 
trimerizes, translocates to the nucleus, binds a characteristic DNA sequence Neudegger 2016 and 
induces the transcription of a broad range of proteins to counteract cellular stress Hahn 2004. In 
addition, cellular stress has been shown to lead to the disassembly of the Hsf1 containing 
Hsp90 complex Zou 1998, in a process where denaturated proteins compete for interaction with 
Hsp90 and several of its co-chaperones Voellmy 2004. Thus, the Hsp90 heterocomplex presents 
an effective sensor for cellular stress that disassembles and releases Hsf1, a stress 
responsive transcription factor, in order to sequester denaturated proteins. 
Discussion	
	
	 119	
Notably, cellular stress is an integral part of almost any neuronal lesion caused by injury or 
disease. Traumatic brain injury, stroke, epileptic seizures, excitotoxicity and 
neurodegenerative diseases all involve an activated or disrupted heat shock response 
pathway Bullok 2005, Raghupathi 1995, Marciano 2002, Adachi 2009, Gomez-Pastor 2016. Since photolytic activation of 
Ce6 labelled CPNs in L2/3 of V1 (see 6.1) induces intracellular formation of ROS, the 
majority of activated neurons will experience oxidative protein damage Dahl 2015 before 
undergoing subsequent apoptotic cell death Sheen 1992, Sheen 1994. Individual surviving neurons 
will likely exhibit an active heat shock response pathway in order to counteract oxidative 
stress Dahl 2015, and, as a result, experience competition between damaged proteins and 
monomeric Hsf1 for major components of the Hsp90 complex. Accordingly, surviving 
neurons with "leaky" cre expression will not be able to retain their creERT2 proteins 
sequestered in the Hsp90 complex. Thus, although the TM concentration employed here 
may not be able to disengage ERT2 from the Hsp90 complex in GLAST-creERT2 mice in 
control conditions, the combination with lesion induced oxidative stress may successfully 
result in nuclear creERT2 translocation and subsequent GFP expression. Given an average 
pyramidal cell diameter of 15 µm Miller 1988, a CPN density of 70 to 90% Diao 1983, Dräger 1978, 
Lepore 1992, Pietrasanta 2012, Dehmel 2014 of all pyramidal cells and a minimum of 6% unspecific cre+ 
cortical neurons Mori 2006, an assumed 0.1% surviving Ce6+ neurons under oxidative stress 
within the maximum investigated volume of 0.8 mm3 would result in ~15 GFP+ neurons. This 
number compares well with the determined average of 10.15 ±5.346 neurons that were 
found to be GFP+NeuN+ at the lesion site. 
The lesion specificity of GFP expression in resident, non-induced neurons reported in this 
thesis underlines the importance of time-lapse studies and consequently, the observation of 
morphological development in order to reliably identify new neurons. Particular care should 
be taken in the interpretation of lineage tracing experiments based on creERT2 driver lines 
in models of injury or disease. 
 
6.4 Perspectives and Future Directions 
Taken together, I have shown that new neurons are readily assimilated into adult cortical 
circuits subjected to injury or disease. New neurons develop appropriate pyramidal cell-like 
morphologies, form stable synaptic contacts with the host network, and eventually adopt 
stable, circuit specific functional properties indistinguishable from adult resident L2/3 
neurons. Once integrated, new neurons remain an integral part of target circuits for the rest 
of the animal’s life. Potential lesion induced endogenous new neurons are scarce and seem 
not to be derived from either astroglial or oligodendroglial lineage, hinting at a hitherto 
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unknown population of endogenous progenitors. Further studies are required to identify their 
origin, prevalence and potential to contribute to circuit repair. 
This proof of principle study offers encouraging results and a solid starting point for future 
experiments on brain circuit restoration. The stable synaptic integration of transplanted 
neurons, for instance, presents an important prerequisite for integrated new neurons to 
adapt to changes in the environment. Accordingly, new cells should be capable of adopting 
appropriate levels of host area and cell type specific structural and functional plasticity. 
Paradigms of sensory deprivation and modality or circuit specific rearing could be well suited 
to answer these questions. Also, it is worth investigating whether the systematic 
manipulation of activity could lead to the targeted, sub-circuit specific integration of new 
neurons. 
An open question is the extent to which current attempts at cortical circuit restoration are 
capable of ameliorating behavioural defects due to injury or disease. While adult V1 is ideally 
suited to investigate the functional integration of new neurons on a cellular level, the visual 
system is less appropriate to study subtle differences in behaviour. Cortical areas 
corresponding to motor planning and execution might be better suited to link circuit 
restoration with behavioural improvements. 
Finally, the comparison of the successful circuit integration presented in this thesis with 
attempts at circuit repair in models of physiological lesions, including stroke, trauma and 
neurodegenerative disease, will help to elucidate crucial differences in the process of 
integration and its limit on a structural, functional and molecular level. Also, it will be 
important to explore the capabilities of various sources of new neurons currently under 
consideration for their potential use in cellular therapy. Both will help to design and shape 
future strategies in brain circuit restoration. 
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Abbreviations 
3' OH 3' hydroxy group 
AD Alzheimer's disease 
AIF apoptosis-inducing factor 
AP2γ activating enhancer binding protein 2γ 
ASCL1 Achaete-scute homolog 1 
BBB blood-brain barrier 
BDNF brain-derived neurotrophic factor 
BrdU 5-bromo-2'-deoxyuridine 
Ca2+ calcium 
Cc corpus callosum 
Ce6 chlorine e6 
CHIP carboxyl terminus of Hsc70- interacting protein  
Cl- chloride 
CNS central nervous system 
CPG15 candidate plasticity-related gene 15 
CPNs contralateral projection neurons 
Cre cre recombinase 
CREB cAMP response element-binding protein 
CSPGs chondroitin sulphate proteoglycans 
Cux1 cut like homeobox 1 
Cx cortex 
DAPI 4',6-diamidino-2-phenylindole 
Dcx doublecortin 
DG dentate gyrus 
dpl days post laser 
dpt days post transplantation 
DRGs dorsal root ganglion cells 
DTA diphtheria toxin fragment A 
dUTP 2'-deoxyuridine-5'-triphosphate 
ECM extracellular matrix 
EGF epidermal growth factor 
ERT2 mutated oestrogen receptor binding domain 
Fezf2 FEZ family zinc finger 2 
FGF fibroblast growth factor 
FGF2 fibroblast growth factor-2 
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GABA A-R GABA A receptor 
GC glomerular cell of the OB 
GFAP glial fibrillary acidic protein 
GFP green fluorescent protein 
GST-π glutathione S-transferase Pi 
HBD hormone-binding domain 
HD Huntington's disease 
HSE heat shock element 
Hsf1 heat shock transcription factor 1 
Hsp90 heat shock protein 90 
Iba1 ionized calcium binding adaptor molecule 1 
K+ potassium 
KCC2 K+C- co-transporter 2 
L1 cortical layer 1 
L2/3 cortical layer 2/3 
L4 cortical layer 4 
L5 cortical layer 5 
L6 cortical layer 6 
LGN lateral geniculate nucleus 
LTD long-term depression 
LTP long-term potentiation 
LV lateral ventricle 
M1 primary motor cortex 
MMPs matrix metalloproteases 
mth pl months post laser 
mth pt months post transplantation 
NEF nucleotide exchange factor 
NeuN neuronal nuclear antigen 
NG2 neuron-glial antigen 2 
NGF nerve growth factor 
NKCC1 Na+K+2Cl- co-transporter 1  
NO nitric oxide 
Nrn1 neuritin 1 
NT-3 neurotrophin-3 
NT-4/5 neurotrophin-4/5 
OB olfactory bulb 
Olig2 oligodendrocyte transcription factor 2 
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OPCs oligodendrocyte progenitor cells 
PD Parkinson's disease 
PDGF platelet-derived growth factor 
PFA paraformaldehyde 
PGC periglomerular cell of the OB 
pL post laser 
RG radial glia 
RGCs retinal ganglion cells 
RMS rostral migratory stream 
ROS reactive oxygen species 
S1 somatosensory cortex 
SC stem cell 
SCG superior cervical ganglion 
SCI spinal cord injury 
Sema3A semaphorin 3A 
SGZ sub-granular zone 
SOX2 sex determining region Y-box 2 
SS somatosensory cortex 
SVZ subventricular zone 
TBI traumatic brain injury 
tdT tandem dimer Tomato (variant of DsRed) 
TdT terminal deoxynucleotidyl transferase 
TF transcription factor 
TGI transient global ischemia 
TM tamoxifen 
TrkB tyrosine kinase receptor B 
TUNEL TdT-mediated dUTP nick end labelling 
V1 primary visual cortex 
VGCC voltage-gated calcium channel 
wpl weeks post laser 
wpt weeks post transplantation 
wt wild type 
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